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ABSTRACT
High-mass stars play a key role in the energetics and chemical evolution of
molecular clouds and galaxies. However, the mechanisms that allow the formation of
high-mass stars are far less clear than those of their low-mass counterparts. Most of
the research on high-mass star formation has focused on regions currently undergoing
star formation. In contrast, objects in the earlier prestellar stage have been more
difficult to identify. Recently, it has been suggested that the cold, massive, and dense
Infrared Dark Clouds (IRDCs) host the earliest stages of high-mass star formation.
The chemistry of IRDCs remains poorly explored. In this dissertation, an ob-
servational program to search for chemical variations in IRDC clumps as a function
of their age is described. An increase in N2H
+ and HCO+ abundances is found from
the quiescent, cold phase to the protostellar, warmer phases, reflecting chemical evo-
lution. For HCO+ abundances, the observed trend is consistent with theoretical
predictions. However, chemical models fail to explain the observed trend of increas-
ing N2H
+ abundances.
vi
Pristine high-mass prestellar clumps are ideal for testing and constraining the-
ories of high-mass star formation because their predictions differ the most at the
early stages of evolution. From the initial IRDC sample, a high-mass clump that is
the best candidate to be in the prestellar phase was selected (IRDC G028.23-00.19
MM1). With a new set of observations, the prestellar nature of the clump is con-
firmed. High-angular resolution observations of IRDC G028.23-00.19 suggest that
in order to form high-mass stars, the detected cores have to accrete a large amount
of material, passing through a low- to intermediate-mass phase before having the
necessary mass to form a high-mass star. The turbulent core accretion model is
inconsistent with this observational result, but on the other hand, the observations
support the competitive accretion model. Embedded cores have to grow in mass
during the star-formation process itself; the mass is not set at early times as the
turbulent core accretion model predicts. The observed gas velocity dispersion in the
cores is transonic and mildly supersonic, resulting in low virial parameters (neglect-
ing magnetic fields). The turbulent core accretion model assumes highly supersonic
linewidths and virial parameters ∼1, inconsistent with the observations, unless mag-
netic fields in the cores have strengths of the order of 1 mG.
vii
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1Chapter 1
Introduction
1.1 High-Mass Star Formation
Although far less common than low-mass stars, high-mass stars (> 8 M) play
a key role in the evolution of the energetics and chemistry of molecular clouds and
galaxies. However, our knowledge of their formation process is much less understood
compared with that of low-mass stars. There are several factors that make the study
of high-mass star formation more challenging than that of their low-mass counter-
parts. High-mass stars are rare and evolve quickly. They are born in highly clustered
regions. With a few exceptions, high-mass star-forming regions in the earliest stages
of evolution are mostly located at large distances (& 3 kpc) and are heavily extincted
by dust. For all these reasons, most of the work in high-mass star formation has been
based on observations of regions with ongoing star formation (e.g., “hot cores” and
H ii regions) which are easier to detect in surveys and follow up in detail. However,
at this stage, the high-mass stars have already begun burning hydrogen and reached
the zero-age main sequence (ZAMS), disturbing and changing the kinematics and
chemistry of the initially starless cocoon.
Throughout this thesis, the term “clump” will be used to refer to a dense object
within an molecular cloud that has the potential to form a stellar cluster. It has a
size of the order ∼0.1–1 pc and a mass of ∼102–103 M. The term “core” will be used
to describe a compact, dense object within a clump that can form one star or a close
multiple-star system, such as a binary. It has a size of ∼0.01–0.1 pc and a mass of ∼1-
102 M. Prestellar cores represent the earliest stage of star formation. These starless
cores are formed by dense, centrally-concentrated parcels of gravitationally bound
gas (e.g., Andre´ et al. 2009). Prestellar cores will eventually collapse and evolve
2to form stars. However, cores in the prestellar phase of high-mass star formation
have been very difficult to identify and study. Initially, large infrared/millimeter
surveys had poor angular resolution and sensitivity, producing a bias toward bright,
evolved objects and a misidentification of starless candidates. However, with the
advent of new space telescopes, such as Spitzer and Herschel, and submillimeter
Galactic plane surveys, it has been possible to study in detail the best candidates
for dense regions which will eventually form high-mass stars, the so-called Infrared
Dark Clouds (IRDCs; see Section 1.3).
From the theoretical perspective, the difficulties in understanding high-mass
star formation lie in the observational challenges of establishing the properties
of clouds/clumps/cores in which high-mass stars will be formed and determining
whether the properties observed are those from the pristine initial conditions or those
due to subsequent evolution (Krumholz & Bonnell 2009). In the following section,
the two most relevant models of high-mass star formation are reviewed.
1.2 High-Mass Star Formation Models
There are currently two main models of high-mass star formation under debate:
the turbulent core accretion model and the competitive accretion model. According
to Krumholz & Bonnell (2009), these two models primarily differ in how and when
the mass that ultimately goes into the high-mass stars is gathered.
1.2.1 The Turbulent Core Accretion Model
The turbulent core accretion model posits that all stars form by a top-down frag-
mentation process in which a molecular cloud fragments into smaller objects under
the combined effect of self-gravity, turbulence, and magnetic fields. This fragmen-
tation process ends at the smallest scale with objects named cores that experience
no significant sub-fragmentation. Thus, cores represent compact, dense objects that
3can form one star or a close multiple-star system, such as a binary, and the cores
determine the mass reservoir to form the star. A high-mass star must therefore form
from a massive core since there is no significant further accumulation of gas from
the surrounding cloud to the core (McKee & Tan 2003; Krumholz & Bonnell 2009).
Therefore, there must be a direct relationship between the distribution function of
core masses, known as the core mass function (CMF), and the mass distribution
function of newly formed stars, known as the the initial mass function (IMF). If
the star-formation efficiency, i.e., the fraction of the core mass that eventually is
converted into stars, is constant, then the CMF and the IMF will have the same
functional shape. One of the principal results from McKee & Tan (2003) is that
cores that form high-mass stars should be highly supersonically turbulent. These
turbulent motions support the cores against gravitational collapse, i.e., cores are
virialized (α =Mvir/Mcore ∼1).
1.2.2 The Competitive Accretion Model
The competitive accretion model posits that a clump fragments into cores with
masses close to the thermal Jeans mass (Bonnell et al. 2004; Bate & Bonnell 2005).
None of these cores are massive enough to form a high-mass star. However, the cores
that are located at the center of the gravitational potential can accrete, via Bondi-
Hoyle accretion, sufficient mass over time to grow and eventually form high-mass
stars. One important distinction from the turbulent core accretion model is that
the mass reservoir available to form the high-mass stars is accreted from beyond the
original cores, and the gas is funneled down to the center of the clump due to the
entire clump’s gravitational potential by a large-scale infall. Thus, the core mass
is gathered during the star formation process itself and is not set in the prestellar
stage. According to competitive accretion, there are no high-mass prestellar cores,
which is in disagreement with the turbulent core accretion model. A consequence of
4competitive accretion is that high-mass stars would be always formed at the center
of stellar clusters.
1.3 Infrared Dark Clouds (IRDCs)
IRDCs appear as dark silhouettes against the Galactic mid-infrared background,
suggesting that, on the global scale, they have large amounts of gas likely unin-
fluenced by star formation activity. Galactic plane surveys revealed thousands of
IRDCs (ISO, Perault et al. 1996; MSX, Egan et al. 1998, Simon et al. 2006a; Spitzer,
Peretto & Fuller 2009, Kim et al. 2010). Studies of IRDCs show that their clumps
have masses ranging from ∼102 to a few times 103 M, dust temperatures between 16
and 52 K, typical sizes of ∼0.5 pc, densities larger than 104 cm−3, and column den-
sities larger than 1022 cm−2 (Carey et al. 1998, 2000; Rathborne et al. 2006, 2010).
Although most of the gas in IRDCs seems to be quiescent and unaffected by
star formation, evidence of active high-mass star formation is inferred at certain lo-
cations in IRDCs by the presence of ultracompact (UC) H ii regions (Battersby et al.
2010), hot cores (Rathborne et al. 2008), embedded 24 µm sources (Chambers et al.
2009), molecular outflows (Sanhueza et al. 2010; Wang et al. 2011), or maser emis-
sion (Wang et al. 2006; Chambers et al. 2009). IRDCs also host massive, cold IR-
dark clumps that show similar physical properties to those clumps that host active
high-mass star formation, except that the temperature and luminosity are lower
(Rathborne et al. 2010). These characteristics suggest that massive, cold IR-dark
clumps will form high-mass stars in the future. These objects are the best candi-
dates for high-mass star-forming clumps in the most elusive and earliest phase of
high-mass star formation, the “prestellar” or “starless” phase.
Little is known about the chemistry of IRDCs. A few works have focused
on molecular line surveys of IRDCs (Sakai et al. 2008, 2010; Vasyunina et al. 2011)
5and compared their observations with low-mass and high-mass star-forming regions.
However, the samples have not been large enough to look for chemical variations
between different evolutionary stages. Most of the effort related to chemistry in
IRDCs has been focused on deuteration. Recent findings suggest that the deuterium
fraction in IRDC clumps resembles that seen in low-mass star-forming regions after
the stars turn on, decreasing with time as the clumps evolve to warmer temperatures
(Chen et al. 2011; Miettinen et al. 2011; Fontani et al. 2011; Sakai et al. 2012).
In order to study chemical variations from the prestellar phase to the more
active phases (protostellar and H ii regions), an evolutionary sequence need to be
defined. Chambers et al. (2009) proposed an evolutionary sequence in which “quies-
cent” clumps evolve into “intermediate,” “active,” and “red” clumps. This evolution-
ary scheme is based on the Spitzer/IRAC 3-8 µm colors and the presence or absence
of Spitzer/MIPS 24 µm point-source emission. A clump is called “quiescent” if it
contains no IR-Spitzer emission (it is IR-dark); “intermediate” if it contains either
enhanced 4.5 µm emission, the so-called “green fuzzies” (also known as Extended
Green Objects “EGOs”; Cyganowski et al. 2008), or a 24 µm source, but not both;
“active” if it is associated with a green fuzzy and an embedded 24 µm source; and
“red” if it is associated with bright 8 µm emission, which likely corresponds to an
H ii region. An additional category is “blue,” which describes objects with bright
3.6 µm emission that are predominantly unextincted stars. Quiescent clumps are
the best candidates to be in the “prestellar” or “starless” phase, and the massive
quiescent clumps are the places where it is most probable that high-mass stars are
in their earliest stages of evolution.
1.4 Key Questions to be Addressed
In this dissertation, the following questions will be addressed:
61.4.1 Do infrared dark cloud clumps show chemical variations at different evolu-
tionary stages?
In addition to constraining chemical models, chemical variations can potentially
be used to distinguish between different evolutionary stages. It is not easy to deter-
mine the ages (or relative ages) of star-forming regions. Two additional components
that can be used to determine relative ages of star-forming clumps are chemical vari-
ations, measured as abundance variations, and the presence or absence of emission of
certain molecules that require special conditions for their formation and excitation.
1.4.2 Is the IRDC G028.23-00.19 in the prestellar phase?
IRDC G028.23-00.19 hosts one of the best high-mass, prestellar clump candi-
dates in the Galaxy. Choosing the most appropriate source for testing models of
high-mass star formation is critical. As discussed in Section 1.2, the theoretical
models have different predictions in the prestellar phase, and confirming the prestel-
lar nature of the clump MM1 located in IRDC G028.23-00.19 is important for an
unambiguous interpretation of the observations.
1.4.3 Can models of high-mass star formation be tested in prestellar IRDC clumps?
High-mass, prestellar clumps are expected to be cold and distant. The combi-
nation of low temperatures and large distances make the detection of dust continuum
emission and molecular lines challenging. Significant detections are needed to deter-
mine physical parameters with confidence in order to unambiguously test theoretical
models.
1.4.4 Which star formation theory do the observations support or reject?
It is unclear yet if the two major models of high-mass star formation, the tur-
bulent core accretion model or the competitive accretion model, correctly explain
7the formation of high-mass stars. Some effort on testing these models has been done
by, for instance, Pillai et al. (2011), Zhang et al. (2009), Wang et al. (2011), and
recently by Tan et al. (2013). In regions that can potentially form high-mas stars,
Pillai et al. (2011) find prestellar cores that are subvirialized. Zhang et al. (2009) and
Wang et al. (2011) suggest that high-mass cores that will form high-mass stars have
to begin in a low-to intermediate-mass phase and grow via accretion. Pillai et al.
(2011), Zhang et al. (2009), and Wang et al. (2011) find that their observations are
inconsistent with the turbulent core accretion model. On the other hand, Tan et al.
(2013) claim to find a high-mass core that has the necessary mass to form a high-mass
star from the prestellar phase, consistent with the turbulent core accretion model.
Neither of these theories is guaranteed to be correct and further research is needed
to test theories of high-mass star formation.
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Chemical Variations in IRDC Clumps: a Molecular Line Survey at 86-93
GHz
2.1 Motivation
Although several properties of IRDCs have been determined in the last few
years, one property, their chemical composition, remains poorly understood. Are
there signs of chemical evolution in IRDC clumps? Do the evolutionary stages defined
by Chambers et al. (2009) show chemical variations?
In order to investigate the behavior of the different molecular tracers and look
for observable changes in their chemical abundances as a function of the defined
evolutionary stages, a multi-line survey at 3 mm was carried out. Several molecular
lines were simultaneously observed, which facilitates comparison between different
lines by eliminating or reducing observational errors arising from uncertainties in
telescope pointing and calibrations.
Chemical variations, measured as molecular abundance variations, can poten-
tially be used to distinguish between different evolutionary stages. At the same
time, studies of how molecular abundances vary in star-forming regions from cold to
warmer phases can constrain chemical models.
One important outcome from this chapter is the selection of a subsample of
high-mass, prestellar clump candidates. Combining information of published works
and the new molecular line information from this chapter, the best example of a
high-mass, prestellar clump will be chosen and analyzed in depth in Chapter 3 and
4. Chapter 2 is based on the results presented in Sanhueza et al. (2012).
9Table 2.1. Summary of Observed Molecular Lines
Molecule Transition Rest Frequency Eu/k ncrit Trms
(GHz) (K) (cm−3) (mK)
NH2D JKa,Kc = 11,1 − 10,1 85.926260 20.68 4× 10
6 44
SO NJ = 22 − 11 86.093983 19.31 2× 10
5 44
H13CN J = 1− 0, F = 1− 1 86.338735 4.14 2× 106 44
J = 1− 0, F = 2− 1 86.340167 4.14 2× 106 44
J = 1− 0, F = 0− 1 86.342256 4.14 2× 106 44
H13CO+ J = 1− 0 86.754330 4.16 2× 105 44
SiO J = 2− 1 86.846998 6.25 2× 106 44
HN13C J = 1− 0 87.090859 4.18 3× 105 44
C2H N = 1− 0, J = 3/2− 1/2, F = 2− 1 87.316925 4.19 2× 105a 44
N = 1− 0, J = 3/2− 1/2, F = 1− 0 87.328624 4.19 2× 105a 44
N = 1− 0, J = 1/2− 1/2, F = 1− 1 87.402004 4.19 2× 105a 44
N = 1− 0, J = 1/2− 1/2, F = 0− 1 87.407165 4.19 2× 105a 44
HNCO JKa,Kb = 40,4 − 30,3 87.925252 10.55 1× 10
6 48
HCN J = 1− 0, F = 1− 1 88.630416 4.25 3× 106 48
J = 1− 0, F = 2− 1 88.631847 4.25 3× 106 48
J = 1− 0, F = 0− 1 88.633936 4.25 3× 106 48
HCO+ J = 1− 0 89.188526 4.28 2× 105 48
HNC J = 1− 0 90.663574 4.35 3× 105 42
HC3N J = 10− 9 90.978989 24.01 5× 105 42
CH3CN JK = 51 − 41 91.985316 20.39 4× 10
5 42
JK = 50 − 40 91.987089 13.24 5× 10
5 42
13CS J = 2− 1 92.494303 6.00 3× 105 42
N2H+ J = 1− 0, F1 = 1− 1, F = 2− 2 93.171913 4.47 3× 105 42
J = 1− 0, F1 = 2− 1, F = 3− 2 93.173772 4.47 3× 105 42
J = 1− 0, F1 = 0− 1, F = 1− 2 93.176261 4.47 3× 105 42
Note. — The critical density was calculated as ncrit = Aul/γul, where Aul is the Einstein coefficient
and γul is the collisional rate. Values of Aul and γul at 20 K (50 K for SO) were obtained for most
of the molecules from the Leiden Atomic and Molecular Database (LAMDA) (Scho¨ier et al. 2005).
Values of Aul and γul at 25 K for NH2D were obtained from Machin & Roueff (2006).
aCritical density adopted from Lo et al. (2009).
2.2 Observations
2.2.1 Line Selection
Single-pointing observations of molecular lines at 3 mm were carried out by us-
ing the ATNF Mopra 22 m telescope1 located in Australia. Observations of molecular
lines between 86 and 93 GHz were prefered over the more abundant CO isotopologues
1The Mopra telescope is part of the Australia Telescope National Facility (ATNF) which is
funded by the Commonwealth of Australia for operation as a National Facility managed by CSIRO.
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(at 110-115 GHz) because the former molecular lines probe denser gas due to their
larger Einstein A coefficients. Molecular lines with large Einstein A coefficients re-
quire high densities to be excited. In Table 3.1, the observed molecular lines are
summarized. Their critical densities are >105 cm−3 and it is expected that they
trace dense star-forming clumps and not diffuse intervening material. In addition,
the lines at 86-93 GHz have excitation energies (upper energy levels, Eu/k) ranging
between ∼5 and 25 K, probing different gas temperatures.
2.2.2 Observing Parameters
The observations were taken during 2008 July–August and 2010 September.
They were performed with the 3 mm Monolithic Microwave Integrated Circuits
(MMIC) receiver and the Mopra spectrometer (MOPS)2 in the “broad-band” mode,
resulting in a total bandwidth of 8.3 GHz split over four overlapping sub-bands of
2.2 GHz. Each sub-band has 2 × 8096 channels (1 × 8096 per each polarization)
with a channel resolution of 0.27 MHz. The velocity resolution was ∼0.90 km s−1
per channel. Both polarizations were observed and averaged to improve the signal
to noise ratio. The observed frequencies range between 85.540 and 93.840 GHz.
This frequency range allowed the simultaneous observation of 15 molecular lines (see
Table 3.1). The system temperatures ranged between 165 and 265 K. Typical rms
noise values (Trms), in antenna temperature, for each molecular line are shown in
Table 3.1. The on-source integration time per object was ∼3 minutes. The angular
resolution of Mopra telescope is 38′′ and its main beam efficiency is 0.5 at 90 GHz
(Ladd et al. 2005). All the observations were performed in position-switching mode
with the off-position shifted from the target source by 1◦ in Galactic latitude away
from the Galactic midplane. The telescope pointing was checked by observing nearby
2The University of New South Wales Digital Filter Bank used for the observations with the
Mopra Telescope was provided with support from the Australian Research Council.
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SiO masers every ∼1 hr, and was maintained to be better than 8′′. The uncertainty
in the line intensity varies with the frequency from 9% at 88 GHz to 25% at 93 GHz
(Foster et al. 2013). The initial spectral processing was done using the ATNF Spec-
tral Analysis Package (ASAP) software.3 The observed molecular lines, transitions,
rest frequencies, upper energy levels, critical densities, sub-bands, and typical Trms
are listed in Table 3.1.
2.3 Source Selection
Molecular abundances are defined as the ratio of the column density of the
molecule in question to that of molecular hydrogen. Therefore, in addition to molec-
ular line observations, which can determine the molecular column densities, the H2
column densities must be determined. One method to do this is to use dust continuum
emission to measure the dust column density and to assume a standard conversion
factor between the dust and molecular hydrogen column. Rathborne et al. (2006) ob-
served the dust continuum emission at 1.2 mm from 190 IRDC clumps with the IRAM
30 m telescope (11′′ angular resolution). This sample of IRDCs was the largest well
characterized in their dust continuum emission before ATLASGAL (Schuller et al.
2009) and Hi-GAL (Molinari et al. 2010) surveys became publicly available. In addi-
tion to estimating dust column densities, Rathborne et al. (2010) also estimated dust
temperatures for the same sample. The sample of Rathborne et al. (2006, 2010) was
selected for a chemical study because the dust continuum emission had been already
observed and only new molecular emission observations were needed.
Molecular line observations of 159 clumps were made with the Mopra 22 m
telescope. This initial source list was refined and reduced to 92 sources taking into
account the following considerations:
3http://www.atnf.csiro.au/computing/software/
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1.) The threshold limit for a molecular line to be considered as a detection
was defined at the 3σ level in antenna temperature, where σ is the rms noise in
antenna temperature (Trms; see Table 3.1). The clumps G015.31 MM4, G027.75
MM5, G028.37 MM5, and G030.57 MM4 present no molecular line emission above
the 3σ detection level; consequently, they are not included in any analysis throughout
this thesis work.
2.) A total of 17 clumps were excluded because they show signs of star formation
at IR wavelengths (Spitzer), are not embedded in dark extinction features at mid-
infrared, and are located at a different distance, determined in Section 2.4.3, than
the rest of the clumps within an IRDC. These clumps belong to a different, more
evolved, molecular cloud that is situated in the line of sight and are classified as
Non-IRDC in Table 2.2.
3.) Since the Mopra telescope beam size (38′′) is sometimes comparable to
the separation between clumps within the same IRDC, 43 sources are contaminated
by emission from another adjacent clump. To ensure that the observed emission is
attributable solely to a single clump, and not a neighboring clump, each source with
an angular separation smaller than the Mopra beam size from its nearest neighbor
was excluded.
4.) Blue clumps (3 sources) are not included in any analysis because they are
likely unextincted stars.
Therefore, this dissertation work will focus on the remaining 92 IRDC clumps.
Table 2.2 summarizes information for all 159 IRDC clumps: names, coordinates,
velocities, distances, dust temperatures, IR classification, and if the source is an
IRDC and if it is used in the present thesis work.
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Table 2.2. Clump Properties.
IRDC Clump Coordinates Vlsr
a D Tdust Class.
b Commente
Name Number α(J2000) δ(J2000) (km s−1) (kpc) (K)
G015.05+00.07 MM1 18:17:50.4 -15:53:38 25.2 2.8 23.5 Q IRDC
G015.05+00.07 MM2 18:17:40.0 -15:48:55 29.9 3.1 30.5 R IRDC
G015.05+00.07 MM3 18:17:42.4 -15:47:03 28.4 3.0 23.7 Q IRDC
G015.05+00.07 MM4 18:17:32.0 -15:46:35 28.0 3.0 30.5 Q IRDC
G015.05+00.07 MM5 18:17:40.2 -15:49:47 29.9 3.1 31.0 Q IRDC
G015.31-00.16 MM1 18:18:56.4 -15:45:00 17.0c 1.9c ... R Non-IRDC
G015.31-00.16 MM2 18:18:50.4 -15:43:19 30.9 3.2 23.0 I IRDC
G015.31-00.16 MM3 18:18:45.3 -15:41:58 31.1 3.2 23.7 Q IRDC
G015.31-00.16 MM4 18:18:48.0 -15:44:22 31.1d 1.9d ... Q No Detection
G015.31-00.16 MM5 18:18:49.1 -15:42:47 31.2c 3.2c 28.0 Q IRDC
G018.82-00.28 MM1 18:25:56.1 -12:42:48 41.7 3.5 ... I Non-IRDC
G018.82-00.28 MM2 18:26:23.4 -12:39:37 63.1 4.7 38.0 R IRDC
G018.82-00.28 MM3 18:25:52.6 -12:44:37 44.8 3.7 34.0 A IRDC
G018.82-00.28 MM4 18:26:15.5 -12:41:32 65.5 4.8 17.0 I IRDC
G018.82-00.28 MM6 18:26:18.4 -12:41:15 65.8 4.8 23.7 Q IRDC
G019.27+00.07 MM1 18:25:58.5 -12:03:59 26.7 2.4 ... B Bright Blue
G019.27+00.07 MM2 18:25:52.6 -12:04:48 26.7 2.4 30.0 A IRDC
G022.35+00.41 MM1 18:30:24.4 -09:10:34 52.7 3.9 20.0 A IRDC
G022.35+00.41 MM2 18:30:24.2 -09:12:44 59.9c 4.2c 44.0 R IRDC
G023.60+00.00 MM1 18:34:11.6 -08:19:06 106.5 7.0 ... A Non-IRDC
G023.60+00.00 MM2 18:34:21.1 -08:18:07 53.7 3.9 ... A Blended
G023.60+00.00 MM3 18:34:10.0 -08:18:28 105.8 6.9 ... R Non-IRDC
G023.60+00.00 MM4 18:34:23.0 -08:18:21 53.6 3.9 ... R Blended
G023.60+00.00 MM5 18:34:09.5 -08:18:00 104.8 6.8 ... A Non-IRDC
G023.60+00.00 MM7 18:34:21.1 -08:17:11 54.0 3.9 44.0 I IRDC
G023.60+00.00 MM9 18:34:22.5 -08:16:04 54.3 3.9 32.5 Q IRDC
G024.08+00.04 MM1 18:34:57.0 -07:43:26 114.1 7.8 ... R Non-IRDC
G024.08+00.04 MM2 18:34:51.1 -07:45:32 114.1 7.8 29.0 Q IRDC
G024.08+00.04 MM3 18:35:02.2 -07:45:25 51.6 3.7 29.0 Q IRDC
G024.08+00.04 MM4 18:35:02.6 -07:45:56 52.2 3.7 30.0 Q IRDC
G024.33+00.11 MM1 18:35:07.9 -07:35:04 114.1 7.8 ... R Blended
G024.33+00.11 MM2 18:35:34.5 -07:37:28 118.2 7.7 32.5 I IRDC
G024.33+00.11 MM3 18:35:27.9 -07:36:18 117.6 7.7 31.5 R IRDC
G024.33+00.11 MM4 18:35:19.4 -07:37:17 115.0 7.8 31.0 Q IRDC
G024.33+00.11 MM5 18:35:33.8 -07:36:42 117.2 7.7 32.0 I IRDC
G024.33+00.11 MM6 18:35:07.7 -07:34:33 114.3 7.7 ... I Blended
G024.33+00.11 MM7 18:35:09.8 -07:39:48 99.6 6.3 23.7 Q IRDC
G024.33+00.11 MM8 18:35:23.4 -07:37:21 113.8 7.8 31.5 Q IRDC
G024.33+00.11 MM9 18:35:26.5 -07:36:56 119.2 7.7 52.0 R IRDC
G024.33+00.11 MM11 18:35:05.1 -07:35:58 113.3 7.8 26.0 Q IRDC
G024.60+00.08 MM1 18:35:41.1 -07:18:30 53.4 3.8 ... A Blended
G024.60+00.08 MM2 18:35:39.3 -07:18:51 115.2 7.7 23.0 I IRDC
G024.60+00.08 MM3 18:35:40.2 -07:18:37 53.8 3.8 ... I Blended
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Table 2.2 (cont’d)
IRDC Clump Coordinates Vlsr
a D Tdust Class.
b Commente
Name Number α(J2000) δ(J2000) (km s−1) (kpc) (K)
G024.60+00.08 MM4 18:35:35.7 -07:18:09 53.2 3.8 ... Q Blended
G025.04-00.20 MM1 18:38:10.2 -07:02:34 64.0 4.3 ... A Blended
G025.04-00.20 MM2 18:38:17.7 -07:02:51 63.5 4.3 28.0 I IRDC
G025.04-00.20 MM3 18:38:10.2 -07:02:44 63.7 4.3 ... Q Blended
G025.04-00.20 MM4 18:38:13.7 -07:03:12 63.8 4.3 29.5 I IRDC
G025.04-00.20 MM5 18:38:12.0 -07:02:44 63.9 4.3 ... Q Blended
G027.75+00.16 MM1 18:41:19.9 -04:32:20 78.3 5.0 ... A Blended
G027.75+00.16 MM2 18:41:33.0 -04:33:44 51.4 3.5 24.0 Q IRDC
G027.75+00.16 MM3 18:41:16.8 -04:31:55 78.7 5.0 ... I Blended
G027.75+00.16 MM5 18:41:23.6 -04:30:42 79.1d 4.8d ... Q No Detection
G027.94-00.47 MM1 18:44:03.6 -04:38:00 45.4 3.1 44.0 R IRDC
G027.97-00.42 MM1 18:43:52.8 -04:36:13 44.6 3.1 ... A Blended
G027.97-00.42 MM2 18:43:58.0 -04:34:24 19.9 1.5 ... R Non-IRDC
G027.97-00.42 MM3 18:43:54.9 -04:36:08 45.9 3.2 ... Q Blended
G028.04-00.46 MM1 18:44:08.5 -04:33:22 45.8 3.2 38.0 A IRDC
G028.08+00.07 MM1 18:42:20.3 -04:16:42 81.4 5.2 22.0 I IRDC
G028.10-00.45 MM1 18:44:12.9 -04:29:45 47.1 3.2 ... Q Blended
G028.10-00.45 MM2 18:44:14.3 -04:29:48 46.9 3.2 ... Q Blended
G028.23-00.19 MM1 18:43:30.7 -04:13:12 80.0 5.1 22.0 Q IRDC
G028.23-00.19 MM2 18:43:29.0 -04:12:16 80.8 5.1 ... I Blended
G028.23-00.19 MM3 18:43:30.0 -04:12:33 80.2 5.1 ... Q Blended
G028.28-00.34 MM1 18:44:15.0 -04:17:54 48.7 3.3 ... R Blended
G028.28-00.34 MM2 18:44:21.3 -04:17:37 84.9 5.6 ... R Non-IRDC
G028.28-00.34 MM3 18:44:13.4 -04:18:05 49.7 3.4 ... R Blended
G028.28-00.34 MM4 18:44:11.4 -04:17:22 48.8 3.4 34.5 A IRDC
G028.37+00.07 MM1 18:42:52.1 -03:59:45 78.1 5.0 33.0 A IRDC
G028.37+00.07 MM2 18:42:37.6 -04:02:05 80.8 5.1 39.0 I IRDC
G028.37+00.07 MM3 18:43:03.1 -04:06:24 99.8 6.4 ... R Non-IRDC
G028.37+00.07 MM4 18:42:50.7 -04:03:15 79.3 5.0 32.0 A IRDC
G028.37+00.07 MM5 18:42:26.8 -04:01:30 78.6d 4.8d ... R No Detection
G028.37+00.07 MM6 18:42:49.0 -04:02:23 80.0 5.1 23.0 A IRDC
G028.37+00.07 MM7 18:42:56.3 -04:07:31 46.6 3.2 ... R Non-IRDC
G028.37+00.07 MM8 18:42:49.7 -04:09:54 107.2 7.5 ... R Non-IRDC
G028.37+00.07 MM9 18:42:46.7 -04:04:08 79.4 5.0 24.5 Q IRDC
G028.37+00.07 MM10 18:42:54.0 -04:02:30 79.1 5.0 ... A Blended
G028.37+00.07 MM11 18:42:42.7 -04:01:44 80.9 5.1 36.0 A IRDC
G028.37+00.07 MM12 18:43:09.9 -04:06:52 34.8 2.5 23.7 Q IRDC
G028.37+00.07 MM13 18:42:41.8 -03:57:08 77.5 4.9 30.4 I IRDC
G028.53-00.25 MM1 18:44:18.0 -03:59:34 86.8 5.5 ... Q Blended
G028.53-00.25 MM2 18:44:15.7 -03:59:41 85.6 5.4 ... A Blended
G028.53-00.25 MM3 18:44:16.0 -04:00:48 86.4 5.5 22.0 Q IRDC
G028.53-00.25 MM4 18:44:18.6 -04:00:05 86.3 5.4 ... I Blended
G028.53-00.25 MM5 18:44:17.0 -04:02:04 87.0 5.7 30.0 I IRDC
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Table 2.2 (cont’d)
IRDC Clump Coordinates Vlsr
a D Tdust Class.
b Commente
Name Number α(J2000) δ(J2000) (km s−1) (kpc) (K)
G028.53-00.25 MM6 18:44:17.8 -04:00:05 86.4 5.5 ... Q Blended
G028.53-00.25 MM7 18:44:23.7 -04:02:09 88.6 5.6 23.0 Q IRDC
G028.53-00.25 MM8 18:44:22.0 -04:01:35 88.6 5.6 28.0 Q IRDC
G028.53-00.25 MM9 18:44:19.3 -03:58:05 87.1 5.7 28.0 I IRDC
G028.53-00.25 MM10 18:44:18.5 -03:58:43 86.8 5.5 30.0 Q IRDC
G028.67+00.13 MM1 18:43:03.1 -03:41:41 84.3c 5.3c 40.0 R IRDC
G028.67+00.13 MM2 18:43:07.1 -03:44:01 79.2 5.0 23.0 I IRDC
G028.67+00.13 MM3 18:42:58.2 -03:48:20 103.9 6.9 ... A Non-IRDC
G030.14-00.06 MM1 18:46:35.7 -02:31:03 86.8 5.5 27.0 A IRDC
G030.57-00.23 MM1 18:48:00.0 -02:07:20 90.7 5.8 34.5 A IRDC
G030.57-00.23 MM2 18:47:58.7 -02:15:20 111.3 7.3 ... R Non-IRDC
G030.57-00.23 MM3 18:47:54.5 -02:11:15 95.9 6.3 23.0 I IRDC
G030.57-00.23 MM4 18:48:01.8 -02:12:35 86.2d 5.2d ... Q No Detection
G030.97-00.14 MM1 18:48:21.6 -01:48:27 77.8 5.0 37.0 A IRDC
G031.02-00.10 MM1 18:48:09.9 -01:45:17 76.9 4.9 ... B Bright Blue
G031.97+00.07 MM1 18:49:36.3 -00:45:45 95.0 6.5 ... A Blended
G031.97+00.07 MM2 18:49:36.0 -00:46:16 94.6 6.5 ... Q Blended
G031.97+00.07 MM3 18:49:32.3 -00:47:02 94.1 6.4 ... Q Blended
G031.97+00.07 MM4 18:49:33.0 -00:47:33 95.5 6.6 ... I Blended
G031.97+00.07 MM5 18:49:21.9 -00:50:35 96.5 6.8 35.0 I IRDC
G031.97+00.07 MM6 18:49:35.0 -00:46:44 94.8 6.5 ... Q Blended
G031.97+00.07 MM7 18:49:28.4 -00:48:54 93.9 6.4 27.0 Q IRDC
G031.97+00.07 MM8 18:49:29.1 -00:48:12 94.5 6.4 47.0 A IRDC
G033.69-00.01 MM1 18:52:58.8 00:42:37 105.7 7.1 25.0 R IRDC
G033.69-00.01 MM2 18:52:49.9 00:37:57 104.8 7.1 41.0 R IRDC
G033.69-00.01 MM3 18:52:50.8 00:36:43 103.1 7.1 43.0 R IRDC
G033.69-00.01 MM4 18:52:56.4 00:43:08 106.2 7.1 28.0 A IRDC
G033.69-00.01 MM5 18:52:47.8 00:36:47 105.5 7.1 37.0 A IRDC
G033.69-00.01 MM11 18:52:56.2 00:41:48 107.0 7.1 25.0 Q IRDC
G034.43+00.24 MM1 18:53:18.0 01:25:24 57.9 3.8 38.0 A IRDC
G034.43+00.24 MM2 18:53:18.6 01:24:40 57.4 3.8 ... R Blended
G034.43+00.24 MM3 18:53:20.4 01:28:23 59.4 3.9 ... A Blended
G034.43+00.24 MM4 18:53:19.0 01:24:08 57.6 3.8 ... A Blended
G034.43+00.24 MM5 18:53:19.8 01:23:30 58.0 3.8 23.0 A IRDC
G034.43+00.24 MM6 18:53:18.6 01:27:48 58.6 3.8 ... I Blended
G034.43+00.24 MM7 18:53:18.3 01:27:13 58.1 3.8 29.5 I IRDC
G034.43+00.24 MM8 18:53:16.4 01:26:20 57.2 3.7 43.0 A IRDC
G034.43+00.24 MM9 18:53:18.4 01:28:14 58.7 3.8 ... Q Blended
G034.77-00.55 MM1 18:56:48.2 01:18:47 44.2 2.9 40.4 R IRDC
G034.77-00.55 MM2 18:56:50.3 01:23:16 42.0 2.8 ... Q Blended
G034.77-00.55 MM3 18:56:44.7 01:20:42 43.1 2.8 30.4 I IRDC
G034.77-00.55 MM4 18:56:48.9 01:23:34 42.1 2.8 ... Q Blended
G035.39-00.33 MM1 18:56:41.2 02:09:52 64.3 4.2 ... R Non-IRDC
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Table 2.2 (cont’d)
IRDC Clump Coordinates Vlsr
a D Tdust Class.
b Commente
Name Number α(J2000) δ(J2000) (km s−1) (kpc) (K)
G035.39-00.33 MM2 18:56:59.2 02:04:53 54.0 3.5 ... A Non-IRDC
G035.39-00.33 MM3 18:57:05.3 02:06:29 55.3 3.6 ... R Non-IRDC
G035.39-00.33 MM4 18:57:06.7 02:08:23 45.3 3.0 ... A Blended
G035.39-00.33 MM5 18:57:08.8 02:08:09 90.1 6.9 ... Q Blended
G035.39-00.33 MM6 18:57:08.4 02:09:09 45.5 3.0 ... A Blended
G035.39-00.33 MM7 18:57:08.1 02:10:50 45.9 3.0 34.0 A IRDC
G035.59-00.24 MM1 18:57:02.3 02:17:04 50.4 3.3 36.0 R IRDC
G035.59-00.24 MM2 18:57:07.4 02:16:14 45.3 3.0 24.0 A IRDC
G035.59-00.24 MM3 18:57:11.6 02:16:08 45.0 3.0 30.5 A IRDC
G036.67-00.11 MM1 18:58:39.6 03:16:16 53.5 3.5 20.0 Q IRDC
G036.67-00.11 MM2 18:58:35.6 03:15:06 53.3 3.5 16.0 Q IRDC
G038.95-00.47 MM1 19:04:07.4 05:08:48 42.4 2.8 16.0 I IRDC
G038.95-00.47 MM2 19:04:03.4 05:07:56 42.1 2.8 40.0 R IRDC
G038.95-00.47 MM3 19:04:07.4 05:09:44 42.4 2.8 28.0 I IRDC
G038.95-00.47 MM4 19:04:00.6 05:09:06 42.1 2.8 43.0 A IRDC
G048.65-00.29 MM2 19:21:47.6 13:49:22 33.8 2.5 ... Q Blended
G053.11+00.05 MM1 19:29:17.2 17:56:21 21.8 1.8 38.0 R IRDC
G053.11+00.05 MM2 19:29:20.2 17:57:06 22.9 1.9 36.0 A IRDC
G053.11+00.05 MM3 19:29:00.6 17:55:11 2.6 0.5 ... R Non-IRDC
G053.11+00.05 MM4 19:29:20.4 17:55:04 21.7 1.8 40.0 A IRDC
G053.11+00.05 MM5 19:29:26.3 17:54:53 21.7 1.8 45.0 R IRDC
G053.25+00.04 MM1 19:29:39.0 18:01:42 24.9 2.0 35.0 I IRDC
G053.25+00.04 MM2 19:29:33.0 18:01:00 24.3 2.0 ... B Bright Blue
G053.25+00.04 MM3 19:29:44.0 17:58:47 23.5 1.9 35.0 I IRDC
G053.25+00.04 MM4 19:29:34.5 18:01:39 24.5 2.0 37.0 A IRDC
G053.25+00.04 MM5 19:29:39.4 17:58:40 23.7 1.9 35.0 I IRDC
G053.25+00.04 MM6 19:29:31.5 17:59:50 23.8 1.9 46.0 A IRDC
G053.31+00.00 MM1 19:29:50.0 18:05:07 22.0 1.8 ... I Blended
G053.31+00.00 MM2 19:29:42.1 18:03:57 25.2 2.0 25.0 Q IRDC
G053.31+00.00 MM3 19:29:49.7 18:04:39 22.2 1.8 ... I Blended
Note. — Units of right ascension are hours, minutes and seconds, and units of declination are degrees, arcmin-
utes and arcseconds.
aVelocity from the N2H+ JF1F = 123 → 012 transition.
bDenotes the classification based on Spitzer/IRAC colors and the presence or absence of Spitzer/MIPS 24 µm
emission (see section 1.3 for details).
cVelocity and distance determined from the HCO+ line.
dVelocity and distance from Rathborne et al. (2010).
eIRDC: the clump is located in an IRDC (the 92 sources of this study). Non-IRDC: the clump is not associated
with an IRDC. Non-Detection: no molecular line was detected in this survey. Bright Blue: objects with bright
3.6 µm emission that are predominantly unextincted stars. Blended: the angular separation between two sources
is less than one Mopra beam.
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2.4 Results
2.4.1 Line Parameters
For each molecular transition, the line center velocity, line width and intensity
of the line were determined from Gaussian fits. Molecular lines that show hyperfine
structure (N2H
+ and C2H) were fitted using a multi-Gaussian function, with a fixed
frequency separation between the transitions. The Gaussian fit procedure was carried
out in IDL using the MPFITFUN package (Markwardt 2009). Occasionally, two
velocity components were detected toward a source. The main component, i.e., the
component associated with the IRDC clump, was defined as the velocity component
detected in the high-density tracers (e.g., N2H
+ and/or H13CO+). The secondary
velocity component typically corresponds to lower-density gas located along the line
of sight and they were not used in this work. When two velocity components have
emission from high-density tracers, the brightest was used as the main component.
The Gaussian fit parameters of the main velocity component for all sources where
emission was detected (155) are summarized in Table 2.3. No Gaussian fits were
carried out for two distinct velocity components with separations less than 3 km s−1
or for self-absorbed profiles.
2.4.2 Spectra and Detection Rates
Figure 2.1 presents the detection rates, at the 3σ detection level in antenna
temperature, of the 10 most frequently detected molecular species toward the IRDC
clumps. For the N2H
+ and C2H lines, the most often detected transitions are shown:
JF1F = 123 → 012 for N2H+ and NJF = 1 32 2 → 0 12 1 for C2H. Because the HCN
transitions are blended, and in addition, exhibit self-absorbed profiles and broad pro-
files, the multi-Gaussian fit to the hyperfine structure was not reliable. The HCN
detection rate was obtained by inspecting the spectrum for each source by eye, in-
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Table 2.3. N2H
+ JF1F = 123 → 012 Gaussian Parameters.
IRDC Clump Trms TA Vlsr ∆V
Name Number (K) (K) (km s−1) (km s−1)
G015.05+00.07 MM1 0.04 0.38 ± 0.03 25.2 ± 0.1 3.2 ± 0.3
G015.05+00.07 MM2 0.04 0.19 ± 0.03 29.9 ± 0.2 3.6 ± 0.6
G015.05+00.07 MM3 0.04 0.18 ± 0.03 28.4 ± 0.2 2.5 ± 0.5
G015.05+00.07 MM4 0.04 0.44 ± 0.03 28.0 ± 0.1 2.4 ± 0.2
G015.05+00.07 MM5 0.05 0.25 ± 0.05 29.9 ± 0.2 2.0 ± 0.5
Note. — A portion of the whole table is shown here for guidance regarding
its form and content. The complete table can be found in the online version of
Sanhueza et al. (2012).
stead of comparing the intensity of the Gaussian fit with the Trms. The CH3CN,
13CS, H13CN, SO, and NH2D lines were detected in fewer than 8 clumps. For clarity,
their detection rates are not presented in Figure 2.1. The molecular lines most often
detected were HNC J = 1 → 0 and N2H+ JF1F = 123 → 012 with 90 (98%) and
89 (97%) detections, respectively. On the other hand, the molecular line shown in
Figure 2.1 least often detected was the SiO J = 2 → 1 with 8 (9%) detections. Detec-
tion rates for all detected molecular transitions are given in Table 2.4. Uncertainties
presented in Figure 2.1 and Table 2.4 were determined assuming Poisson noise.
Figures 2.2, 2.3, 2.4, and 2.5 show representative examples of spectra for one
clump of each proposed evolutionary stage: the quiescent G028.53 MM3, the inter-
mediate G025.04 MM4, the active G034.43 MM1, and the red G034.77 MM1, respec-
tively. The Spitzer/IRAC image of the corresponding host IRDC is also displayed
in each figure. The active clump G034.43 MM1 (Figure 2.4) exhibits detections of
many more molecular lines than the quiescent clump G028.53 MM3 (Figure 2.2).
This pattern is typical through the sample. It is expected that when star-forming
clumps evolve to later stages, they should display a rich molecular spectrum with nu-
merous lines because the proto-stars heat their environment releasing more complex
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Table 2.4. Detection Rates
Quiescent Intermediate Active Red All
Molecule Transition Clumps Clumps Clumps Clumps Clumps
HNC J = 1− 0 27 ± 5 (96%) 22 ± 5 (96%) 26 ± 5 (100%) 15 ± 4 (100%) 90 ± 10 (98%)
N2H+ J = 1− 0, F1 = 1− 1, F = 2− 2 22 ± 5 (79%) 22 ± 5 (96%) 25 ± 5 (96%) 9 ± 3 (60%) 78 ± 9 (85%)
J = 1− 0, F1 = 2− 1, F = 3− 2 27 ± 5 (96%) 23 ± 5 (100%) 26 ± 5 (100%) 13 ± 4 (87%) 89 ± 9 (97%)
J = 1− 0, F1 = 0− 1, F = 1− 2 8 ± 3 (29%) 12 ± 4 (52%) 17 ± 4 (65%) 5 ± 2 (33%) 42 ± 7 (46%)
HCO+ J = 1− 0 25 ± 5 (89%) 17 ± 4 (74%) 25± 5 (96%) 14 ± 4 (93%) 81 ± 9 (88%)
HCN J = 1− 0 19 ± 4 (68%) 16 ± 4 (70%) 25± 5 (96%) 14 ± 4 (93%) 74 ± 9 (80%)
C2H N = 1− 0, J = 3/2− 1/2, F = 2− 1 9 ± 3 (32%) 15 ± 4 (65%) 19 ± 4 (73%) 8 ± 3 (53%) 51 ± 7 (55%)
N = 1− 0, J = 3/2− 1/2, F = 1− 0 1 ± 1 (4%) 3 ± 2 (13%) 10 ± 3 (39%) 4 ± 2 (27%) 18 ± 4 (20%)
N = 1− 0, J = 1/2− 1/2, F = 1− 1 1 ± 1 (4%) 6 ± 3 (26%) 9 ± 3 (35%) 3 ± 2 (20%) 19 ± 4 (21%)
N = 1− 0, J = 1/2− 1/2, F = 0− 1 1 ± 1 (4%) 1 ± 1 (4%) 4 ± 2 (15%) 2 ± 1 (13%) 8 ± 3 (9%)
H13CO+ J = 1− 0 13 ± 4 (46%) 11 ± 3 (48%) 20 ± 5 (77%) 6 ± 3 (40%) 50 ± 7 (54%)
HN13C J = 1− 0 7 ± 3 (25%) 8 ± 3 (35%) 14 ± 4 (54%) 5 ± 2 (33%) 34 ± 6 (37%)
HC3N J = 10− 9 1 ± 1 (4%) 4 ± 2 (17%) 12 ± 4 (46%) 5 ± 2 (33%) 22 ± 5 (24%)
HNCO JKa,Kb = 40,4 − 30,3 2 ± 1 (7%) 6 ± 3 (26%) 7 ± 3 (27%) 3 ± 2 (20%) 18 ± 4 (20%)
SiO J = 2− 1 1 ± 1 (4%) 0 ± 0 (0%) 5 ± 2 (19%) 2 ± 1 (13%) 8 ± 3 (9%)
H13CN J = 1− 0 0 ± 0 (0%) 1 ± 1 (4%) 3 ± 2 (12%) 2 ± 1 (13%) 6 ± 2 (7%)
NH2D JKa,Kc = 11,1 − 10,1 0 ± 0 (0%) 0 ± 0 (0%) 3 ± 2 (12%) 0 ± 0 (0%) 3 ± 2 (3%)
SO NJ = 22 − 11 0 ± 0 (0%) 0 ± 0 (0%) 0 ± 0 (0%) 1 ± 1 (7%) 1 ± 1 (1%)
13CS J = 2− 1 0 ± 0 (0%) 0 ± 0 (0%) 2 ± 1 (8%) 0 ± 0 (0%) 2 ± 1 (2%)
CH3CN J = 5− 4 0 ± 0 (0%) 0 ± 0 (0%) 1 ± 1 (4%) 0 ± 0 (0%) 1 ± 1 (1%)
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Fig. 2.1 Detection rates of the observed molecular lines toward IRDC clumps. The
N2H
+ and C2H detection rates correspond to those of the JF1F = 123 − 012 and
NJF = 1 3
2
2 → 0 1
2
1 transitions, respectively. Error bars are the Poisson noise (i.e.,
the root square of the number of detections). Values on bars are number of detections
for a given molecule.
molecules from dust mantles into the gas phase; in contrast, in earlier stages clumps
should show a sparse spectrum with a smaller number of detectable molecular lines
because many molecules are frozen out onto grain surfaces. However, one must be
aware that although the analysis of detection rates may reflect the chemical compo-
sition of clumps to some extent, it does not give unambiguous conclusions because
detection rates may just show the dependence on H2 column density and/or sensi-
tivity. A more definitive conclusion must be drawn from molecular abundances (see
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Sections 2.5.2). Figure 2.6 presents histograms which compare the number of de-
tected molecular transitions for each group. More molecular transitions are detected
toward clumps that show signs of star formation. The median number of detections
for quiescent clumps is 6 molecular transitions. On the other hand, intermediate and
active clumps have a median of 7 and 9 detected molecular transitions, respectively.
To quantify the differences between quiescent and active clumps, the probability that
these two distributions in Figure 2.6 arise from the same underlying population was
calculated by using the Kolmogorov–Smirnov (K–S) test. Through this thesis, it will
be mentioned that the difference between two distributions is statistically significant
when the K-S test gives a probability of less than 5% that the two distributions were
drawn from the same parent population. The probability that the quiescent and
active clumps are derived from the same parent population is 0.1%.
The median number of molecular lines detected for red clumps is 6. Red clumps
(which show bright 8 µm emission) likely correspond to embedded H ii regions, a more
evolved stage than active clumps. Despite this, they have the same median value as
quiescent clumps. In the histogram, red clumps seem to have a bimodal distribution
with a first population of 8 clumps showing a low number of detected molecular
transitions (left side of the histogram) and a second one of 7 clumps presenting a
higher number (right side of the histogram). Moreover, the first population only
has one maser detection, and the second population has five (Chambers et al. 2009).
These two different populations for red clumps may be the result of the evolutionary
state of the H ii region. It is expected that more molecular lines will be detected
from an early H ii region compared to a late H ii region because, since the early H ii
region has not had as much time to ionize the surrounding gas, it should have more
molecular gas near the central heating star(s). The molecular spectrum of a late
stage H ii region, where much of the gas has been ionized, should be more sparse.
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The active clump G034.43 MM1 (Figure 2.4) exhibits a spectrum of a “hot core.”
It shows emission in the HNCO, HC3N, and CH3CN lines, which require high densities
and temperatures for excitation (ncrit ≥ 5×105 cm−3 and Eu/k > 10 K), and depends
on the release of their parent molecules from dust grains to be formed. In addition,
it shows SiO emission, which is usually associated with molecular outflows since SiO
abundance is highly enhanced by shocks (e.g., Schilke et al. 1997; Caselli et al. 1997).
In contrast, the quiescent clump G028.53 MM3 (Figure 2.2) presents no emission of
HNCO, HC3N, CH3CN, and SiO over the 3σ limit. The intermediate clump G025.04
MM4 (Figure 2.3) seems to be in an intermediate chemical state, exhibiting only one
high-excitation line (HNCO). To carry out a more comprehensive study of the full
sample of IRDC clumps, the histogram of detection rates (Figure 2.1) was split into
four new histograms. In Figure 2.7, the detection rates for each proposed evolutionary
sequence are presented. The detection rates for the quiescent clumps are displayed in
every panel for comparison. Quiescent, intermediate, active, and red clumps have 28,
23, 26, and 15 members, respectively. From the histograms in Figure 2.7, it is seen
that the HNC J = 1 → 0, N2H+ JF1F = 123 → 012, and HCO+ J = 1 → 0 lines
are present in almost every IRDC clump at any evolutionary stage. Red and active
clumps have a high detection rate (95%) for the HCN J = 1 → 0 line, comparable
with the three lines previously mentioned, while in less evolved clumps this value is
lower (69%). There is a high enhancement in the detection of the brightest C2H line,
transition NJF = 1 3
2
2 → 0 1
2
1, toward active and intermediate clumps with respect
to quiescent clumps. The percentages of detection for the H13CO+ J = 1 → 0 line are
roughly the same for red, intermediate, and quiescent clumps; however, the value for
active clumps increases by ∼30% with respect to the other three evolutionary stages.
The detection rates of the HN13C J = 1 → 0 line show no significant difference
between red and intermediate clumps with respect to quiescent clumps; on the other
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hand, the value for active clumps increases by ∼30%. The most remarkable difference
between detection rates for the different evolutionary stages is found for the HC3N
J = 10 → 9 line. The detection of this line is significantly high for all stages with
IR signs of star formation. HC3N is only detected in one quiescent source, and the
difference between the detection rate in active and quiescent clumps is 40%. While
the HNCO JKa,Kb = 40,4 → 30,3 line is only detected twice (7%) in quiescent clumps,
active and intermediate clumps have a HNCO JKa,Kb = 40,4 → 30,3 detection rate of
27%, indicating that this line is also observed more often toward clumps with current
star formation. In the quiescent, intermediate, and red clumps, SiO J = 2−1 emission
was rarely detected. In active clumps, the detection rate of SiO reaches 19%.
2.4.3 Kinematic Distances
Because the N2H
+ JF1F = 123 → 012 line has a high detection rate and shows
no self-absorbed profiles, the N2H
+ systemic velocities were used to estimate kine-
matic distances. The distances were obtained using the Clemens (1985) rotation
curve of the Milky Way, scaled to (R0, Vo) = (8.5 kpc, 220 km s
−1) and included a
small velocity correction (7 km s−1) accounting for the measured solar peculiar mo-
tion. The distances of all clumps are listed in Table 2.2. To resolve the ambiguity
between the near and far kinematic distances, the fact that IRDCs are seen as dark
extinction features against the bright mid–infrared background emission was used.
Hence, the ambiguity is resolved by assuming that all IRDCs are located at the near
kinematic distance (e.g., Simon et al. 2006b; Jackson et al. 2008). The distances to
the IRDC clumps in this work were previously established by Simon et al. (2006b).
They carried out a morphological matching of the MSX mid–infrared extinction
with the 13CO J = 1 → 0 molecular line emission from the Boston University-Five
College Radio Astronomy Observatory (BU-FCRAO) Galactic Ring Survey (GRS;
Jackson et al. 2006). However, because the 13CO J = 1 → 0 emission is a low den-
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Fig. 2.2 Quiescent clump example. Top: IRAC 3-color (3.6 µm in blue, 4.5 µm in
green, and 8.0 µm in red) image of the IRDC G028.53-00.25 overlaid with IRAM 1.2
mm continuum emission from Rathborne et al. (2006). Bottom: Molecular spectra
of the quiescent MM3 clump. Quiescent clumps contain none IR emission. The circle
shows the Mopra telescope beam size and marks the position of the observed clump.
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Fig. 2.3 Intermediate clump example. Top: IRAC 3-color (3.6 µm in blue,
4.5 µm in green, and 8.0 µm in red) image of the IRDC G025.04-00.20 overlaid with
IRAM 1.2 mm continuum emission from Rathborne et al. (2006). Bottom: Molecular
spectra of the intermediate MM4 clump. Intermediate clumps contain either a green
fuzzy or a 24 µm source, but not both. The circle shows the Mopra telescope beam
size and marks the position of the observed clump.
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Fig. 2.4 Active clump example. Top: IRAC 3-color (3.6 µm in blue, 4.5 µm in
green, and 8.0 µm in red) image of the IRDC G034.43+00.24 overlaid with IRAM 1.2
mm continuum emission from Rathborne et al. (2006). Bottom: Molecular spectra of
the active MM1 clump. Active clumps are associated with enhanced 4.5 µm emission,
the so-called green fuzzies, and an embedded 24 µm source. The circle shows the
Mopra telescope beam size and marks the position of the observed clump.
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Fig. 2.5 Red clump example. Top: IRAC 3-color (3.6 µm in blue, 4.5 µm in
green, and 8.0 µm in red) image of the IRDC G034.77-00.55 overlaid with IRAM 1.2
mm continuum emission from Rathborne et al. (2006). Bottom: Molecular spectra
of the red MM1 clump. Red clumps are associated with bright 8 µm emission. The
circle shows the Mopra telescope beam size and marks the position of the observed
clump.
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Fig. 2.6 Histograms with the number of detected molecular transitions per source for
each evolutionary stage. The name of the corresponding evolutionary stage and the
number of sources contained in each histogram are given on the top left side of each
panel. As expected, the more evolved clumps show a rich spectrum with numerous
transition lines, except for the most evolved/red clumps that show a population with
few detections.
sity tracer (ncrit = 2×103 cm−3), there are typically several velocity components
along one line of sight. Of the initial 155 detected IRDC clumps, the kinematic dis-
tance indicated by the high density tracer N2H
+ (ncrit = 3×105 cm−3) of 35 (23%)
clumps differs from the distance inferred from 13CO by Simon et al. (2006b). Of
these sources, 17 show strong signatures of star formation and are classified as red
and active clumps. Because they are isolated clumps located apart from the IRDC
and at a different distance, they are not physically associated with the IRDC and
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Fig. 2.7 Detection rates of the observed molecular lines toward red, active, and
intermediate clumps compared to detections rates percentages in quiescent clumps.
The N2H
+ and C2H detection rates correspond to the JF1F = 123−012 and NJF =
1 3
2
2 → 0 1
2
1transitions, respectively. The evolutionary sequence name and the total
number of sources are given on the top right corner of each panel. HNC and N2H
+
lines are detected in almost every IRDC clumps at every evolutionary stage. On the
other hand, HC3N, HNCO, and SiO lines are predominantly detected in later stages
of evolution. Error bars are the Poisson noise (i.e., the root square of the number of
detections).
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were excluded from further analysis in this thesis work. These sources have been
marked as “Non-IRDC” in the last column of Table 2.2.
2.5 Analysis
2.5.1 Derivation of Physical Parameters
To calculate physical parameters, local thermodynamic equilibrium (LTE) is
assumed. The total column density, N , can be derived from (e.g., Garden et al.
1991)
N =
8piν3
c3R
Qrot
guAul
exp(E
l
/kTex)
[1− exp(−hν/kTex)]
∫
τ dv , (2.1)
where τν is the optical depth of the line, gu is the statistical weight of the upper
level, Aul is the Einstein coefficient for spontaneous emission, El is the energy of the
lower state, Qrot is the partition function, ν is the transition frequency, and R is the
relative intensity of the brightest hyperfine transition with respect to the others. R
is only relevant for hyperfine transitions because it takes into account the satellite
lines correcting by their relative opacities. It is 5/9 for N2H
+ and 5/12 for C2H. It
is equal to 1.0 for transitions without hyperfine structure.
A particular case of equation 2.1 is the total column density of a linear, rigid
rotor molecule, which is given by (e.g., Garden et al. 1991)
N =
3k
8pi3Bµ2R
(Tex + hB/3k)
(J + 1)
exp(E
J
/kTex)
[1− exp(−hν/kTex)]
∫
τν dv , (2.2)
where µ is the permanent dipole moment of the molecule, J is the rotational quantum
number of the lower state, EJ = hBJ(J + 1) is the energy in the level J , and B is
the rotational constant of the molecule.
To calculate column densities, it is necessary to estimate the optical depths
of the lines. The optical depths of N2H
+ and C2H were calculated by using their
hyperfine structure. The optical depths of HCO+ and HNC were computed by using
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their isotopologues, H13CO+ and HN13C. Under the assumption of LTE, all levels
are populated according to the same excitation temperature (Tex). Tex was assumed
to be equal to the dust temperature (TD) obtained by Rathborne et al. (2010). They
determined TD for 59 sources and gave lower and upper limits for 23 other sources
in the sample of 92 IRDC clumps by fitting a graybody function to the spectral
energy distribution (SED). For the sources with lower and upper limits, the average
value of the limits was used as TD. For the remaining 10 sources, without SEDs, the
median values found by Rathborne et al. (2010) for each evolutionary sequence were
used: 23.7, 30.4, 34.5, and 40.4 K for quiescent, intermediate, active, and red clumps,
respectively. When the weakest line needed to compute the optical depth was not
detected above the 3σ level (N2H
+ JF1F = 112 → 012, C2H NJF = 1 32 1 → 0 12 0,
H13CO+, or HN13C), the intensity of the line was assumed to be 3Trms. This gives
an upper limit to the line intensity and thus an upper limit to the optical depth.
The optical depths were determined as follows. The main beam brightness
temperature (Tmb) is the antenna temperature (TA) corrected by the main bean
efficiency (ηmb), Tmb = TA/ηmb. The main beam brightness temperature of a line is
related to the excitation temperature and the optical depth by
Tmb = f [J(Tex)− J(Tbg)](1− e−τν ) , (2.3)
where f is the filling factor, τν is the optical depth of the line, Tbg is the background
temperature, and J(T ) is defined by
J(T ) =
hν
k
1
ehν/kT − 1 . (2.4)
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Taking the ratio of Equation 2.3 evaluated for two hyperfine components or two
isotopologues and assuming that the filling factors are the same,
1− e−τ1
1− e−τ2 =
Tmb1
Tmb2
[
J2(Tex)− J2(Tbg)
J1(Tex)− J1(Tbg)
]
, (2.5)
where the subscripts “1” and “2” refer to two different hyperfine components or
isotopologue molecules. Defining “r” as the ratio between the optical depths, r =
τ2/τ1, and utilizing the fact that the term between brackets is ∼1, Equation 2.5
becomes
1− e−τ2/r
1− e−τ2 =
Tmb1
Tmb2
. (2.6)
Solving this Equation numerically, the optical depth for one of the components
is computed, and by using the relationship between opacities, the optical depths of
the second component is obtained.
Optical Depths
N2H
+: The opacities of the N2H
+ hyperfine components are obtained from the
ratio between the observed main beam brightness temperatures of the two brightest
transitions: JF1F = 123 → 012 and JF1F = 112 → 012. Rewriting Equation 2.6,
1− e− 35 τ123−012
1− e−τ123−012 =
Tmb112−012
Tmb123−012
, (2.7)
where the subscripts “123− 012” and “112− 012” refer to the N2H+ hyperfine com-
ponents JF1F = 123 → 012 and JF1F = 112 → 012, respectively. The opacity ratio
between these two hyperfine lines, r=
τ123−012
τ112−012
=5
3
, has been used.
The N2H
+ opacities were calculated for 63 IRDC clumps and the values for
the main component and their uncertainties (1σ) are listed in Table 2.5. The main
component of N2H
+ has opacities significantly less than 1.0 in 45% of the sample
and greater than 1.0 (moderately optically thick) in 15% of the sample.
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C2H: The optical depths of the C2H hyperfine components are obtained using
the intensity ratio between the NJF = 1 3
2
2 → 0 1
2
1 and NJF = 1 3
2
1 → 0 1
2
0
transitions. The opacity ratio between these two lines is r=
τ12−01
τ11−00
=2 (Tucker et al.
1974). Thus, the opacity of the brightest component is given by
1− e− 12 τ12−01
1− e−τ12−01 =
Tmb11−00
Tmb12−01
, (2.8)
where the subscripts “12−01” and “11−00” refer to the C2H hyperfine components
NJF = 1 3
2
2 → 0 1
2
1 and NJF = 1 3
2
1 → 0 1
2
0, respectively.
The C2H opacities were estimated for 43 IRDC clumps and the values for the
brightest transition are listed in Table 2.5.
HCO+ and H13CO+: Rewriting Equation 2.6, the following expression is ob-
tained
1− e−τ12/r
1− e−τ12 =
Tmb(H
13CO+)
Tmb(HCO+)
, (2.9)
where “r” is the ratio between the optical depths, r = τ12/τ13, and the subscripts
“12” and “13” refer to the HCO+ and H13CO+ isotopologues, respectively. A way
to determine “r” is to take the ratio of the expression for the column density (see
Equation 2.2) evaluated for both isotopologues
τ12
τ13
=
[
HCO+
H13CO+
]
(kTex/hB13 + 1/3)
(kTex/hB12 + 1/3)
exp(E
J13
/kTex)
exp(E
J12
/kTex)
×
[1− exp(−hν12/kTex)]
[1− exp(−hν13/kTex)]
, (2.10)
where [HCO+/H13CO+] is the isotopic abundance ratio. The isotopic abundance
ratio of [12C/13C] ranges from ∼20 to ∼70, as discussed by Savage et al. (2002). As-
suming a constant [HCO+/H13CO+] abundance ratio of 50 for all sources, the optical
depths of 62 IRDC clumps are computed. The values for HCO+ are summarized in
Table 2.5. All sources have optically thick HCO+ emission, with optical depths gen-
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erally larger than ∼10. On the other hand, H13CO+ has optical depths less than 1.0
in most of the sources.
HNC and HN13C: Rewriting Equation 2.6 and following the same procedure
used for HCO+,
1− e−τ12/r
1− e−τ12 =
Tmb(HN
13C)
Tmb(HNC)
, (2.11)
where r is the ratio between the optical depths, r = τ12/τ13, and is given by
τ12
τ13
=
[
HNC
HN13C
]
(kTex/hB13 + 1/3)
(kTex/hB12 + 1/3)
exp(E
J13
/kTex)
exp(E
J12
/kTex)
×
[1− exp(−hν12/kTex)]
[1− exp(−hν13/kTex)]
, (2.12)
where the subscripts “12” and “13” refer to the HNC and HN13C isotopologues,
respectively, and [HNC/HN13C] is the isotopic abundance ratio.
Assuming an [HNC/HN13C] abundance ratio of 50, the optical depths of 85
IRDC clumps are computed. The values for HNC are summarized in Table 2.5. All
sources have optically thick HNC emission, with optical depths generally larger than
∼10. On the other hand, HN13C has optical depths less than 1.0 in most of the
sources.
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Table 2.5. Optical Depths and Column Densities.
IRDC Clump Optical Depth Column Density (cm−2)
τN2H+ τHCO+ τHNC τC2H N2H
+ HCO+ HNC C2H HC3N HNCO SiO
×1013 ×1014 ×1014 ×1014 ×1013 ×1013 ×1012
G015.05 MM1 1.0(0.8) 30(10) <27 <2.8 1.6(1.4) 2.1(0.7) <2.3 <2.8 ... 1.7(0.7) ...
G015.05 MM2 <0.04 ... <59 ... <0.71 >0.58 <2.7 ... ... ... ...
G015.05 MM3 <0.60 ... <29 ... <0.36 ... <1.0 ... ... ... ...
G015.05 MM4 ... ... <16 <4.5 >1.0 >0.58 <1.6 <3.1 ... ... ...
G015.05 MM5 <0.36 <35 <52 ... <0.52 <1.0 <2.4 ... ... ... ...
G015.31 MM2 2.9(1.1) ... <69 ... 1.2(0.5) ... <2.2 ... ... ... ...
G015.31 MM3 ... <50 <30 ... >0.31 <0.85 <0.51 ... ... ... ...
G015.31 MM5 ... <38 <53 ... ... <1.1 <1.4 ... ... ... ...
G018.82 MM2 <2.2 <45 <44 ... <2.2 <3.2 <3.5 ... ... ... ...
G018.82 MM3 2.3(1.1) <38 <28 ... 6.1(3.1) <10 <6.7 ... ... ... ...
G018.82 MM4 0.1(0.2) <75 <45 ... 1.1(0.2) <8.5 <5.0 ... ... 1(1) ...
G018.82 MM6 0.1(0.2) ... ... ... 1.2(0.1) >0.52 >0.80 ... ... ... ...
G019.27 MM2 0.81(0.53) ... 34(11) <5.6 2.2(1.5) ... 4.1(1.4) <4.2 ... ... ...
G022.35 MM1 0.3(0.4) <14 <20 ... 0.40(0.10) <0.85 <1.1 ... ... ... ...
G022.35 MM2 ... ... <33 ... ... ... <2.0 ... ... ... ...
G023.60 MM7 1.6(0.9) ... <28 ... 4.1(3.0) ... <3.5 ... ... ... ...
G023.60 MM9 0.6(0.6) ... <29 <2.4 0.7(0.7) ... <1.5 <1.5 ... ... ...
G024.08 MM2 1(1) 43(16) <26 ... 0.7(0.7) 1.8(0.7) <2.5 ... ... ... ...
G024.08 MM3 1.3(1.1) <32 <24 ... 0.93(0.80) <1.8 <1.9 ... ... ... ...
G024.08 MM4 <0.27 67(57) <31 ... <0.48 2.4(2.2) <1.8 ... ... ... ...
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Table 2.5 (cont’d)
IRDC Clump Optical Depth Column Density (cm−2)
τN2H+ τHCO+ τHNC τC2H N2H
+ HCO+ HNC C2H HC3N HNCO SiO
×1013 ×1014 ×1014 ×1014 ×1013 ×1013 ×1012
G024.33 MM2 ... ... 26(5) ... >3.1 >1.4 6.2(1.2) ... ... 4.3(1.1) ...
G024.33 MM3 ... ... ... <1.9 >2.7 >1.4 >0.85 <3.4 ... 2.8(0.9) 4.0(1.4)
G024.33 MM4 ... ... ... ... >1.6 >0.79 >0.78 ... ... ... ...
G024.33 MM5 0.3(0.3) ... ... <3.2 2.2(0.2) >2.8 >0.79 <2.6 ... 5.4(0.9) ...
G024.33 MM7 0.7(0.7) 15(3) <10 <1.2 0.9(0.9) 1.2(0.2) <1.1 <0.61 ... ... 1.4(0.7)
G024.33 MM8 ... <13 <16 ... ... <1.4 <2.6 ... ... ... ...
G024.33 MM9 ... <11 <12 ... ... <2.3 <3.5 ... ... ... ...
G024.33 MM11 0.59(0.38) 30(6) 24(8) ... 1.5(0.1) 2.8(0.6) 4.0(1.5) ... ... ... ...
G024.60 MM2 0.92(0.57) 22(7) 16(7) <1.1 1.2(0.8) 1.5(0.5) 1.5(0.6) <1.2 0.35(0.12) ... ...
G025.04 MM2 ... <13 <18 ... >0.63 <1.3 <1.7 ... ... ... ...
G025.04 MM4 0.1(0.2) <8.7 25(6) <1.0 2.4(0.1) <1.5 4.3(1.0) <1.1 ... 3.1(0.7) ...
G027.75 MM2 <3.2 ... ... ... <1.0 ... ... ... ... ... ...
G027.94 MM1 1.4(1.1) ... 23(8) <3.1 1.7(1.4) ... 2.0(0.7) <1.9 ... ... ...
G028.04 MM1 1.2(0.8) 24(10) 61(29) <1.3 2.3(1.6) 2.2(0.9) 5.5(2.7) <1.3 0.38(0.12) 2.9(0.8) ...
G028.08 MM1 1.3(1.1) ... <41 ... 0.63(0.55) ... <1.9 ... ... ... ...
G028.23 MM1 3.6(1.5) ... ... ... 3.1(1.6) >1.0 >0.77 ... ... ... ...
G028.28 MM4 0.88(0.61) 14(3) <11 3(3) 1.5(1.1) 1.8(0.4) <1.7 3(3) ... ... ...
G028.37 MM1 ... ... 21(3) 1.9(1.0) >4.6 >2.5 5.7(1.0) 4.3(2.4) 1.5(0.1) 9.9(0.9) 16(1)
G028.37 MM2 0.5(0.5) ... 25(7) <3.0 2.5(0.2) >2.4 6.4(1.8) <4.5 0.49(0.21) 3.6(1.5) ...
G028.37 MM4 0.1(0.2) 13(1) 12(1) 4.8(4.2) 4.7(0.2) 2.9(0.3) 4.4(0.5) 6.3(5.6) 0.85(0.11) 8.1(0.6) 14(1)
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Table 2.5 (cont’d)
IRDC Clump Optical Depth Column Density (cm−2)
τN2H+ τHCO+ τHNC τC2H N2H
+ HCO+ HNC C2H HC3N HNCO SiO
×1013 ×1014 ×1014 ×1014 ×1013 ×1013 ×1012
G028.37 MM6 0.2(0.2) 22(4) 20(3) 2(2) 2.7(0.1) 2.7(0.5) 2.9(0.5) 2(2) 0.77(0.12) 4.3(0.5) 10(1)
G028.37 MM9 ... 22(3) 15(3) ... >1.5 2.0(0.3) 1.5(0.3) ... ... ... ...
G028.37 MM11 0.2(0.3) ... <42 <3.3 1.1(0.2) >0.82 <7.2 <2.6 ... ... ...
G028.37 MM12 1.4(1.1) 66(36) <74 ... 0.89(0.75) 2.4(1.4) <3.6 ... 0.31(0.15) ... ...
G028.37 MM13 3.3(1.2) ... ... ... 1.5(0.6) ... ... ... ... ... ...
G028.53 MM3 1.7(1.1) 19(5) <24 ... 2.5(1.7) 2.1(0.6) <2.4 ... ... ... ...
G028.53 MM5 4.5(1.2) <46 <47 ... 2.9(0.9) <1.5 <3.4 ... ... ... ...
G028.53 MM7 ... ... 49(17) ... >1.1 >0.91 3.5(1.2) ... ... ... ...
G028.53 MM8 ... <69 <37 <1.5 >1.0 <3.5 <3.4 <2.0 ... ... ...
G028.53 MM9 0.81(0.52) <14 15(5) ... 1.9(1.3) <2.4 3.1(1.0) ... ... ... ...
G028.53 MM10 0.1(0.2) <14 17(5) <2.9 2.0(0.2) <2.8 4.9(1.5) <5.1 ... ... ...
G028.67 MM1 ... <31 <31 ... ... <1.6 <3.0 ... ... ... ...
G028.67 MM2 0.8(0.8) ... <48 ... 0.7(0.7) ... <2.6 ... ... ... ...
G030.14 MM1 <4.6 <38 <33 ... <1.4 <1.2 <1.6 ... ... ... ...
G030.57 MM1 0.1(0.1) ... 20(6) 1(1) 4.4(0.2) ... 3.9(1.2) 3(3) 0.85(0.15) 2.9(1.0) ...
G030.57 MM3 0.4(0.4) ... <45 <6.0 1.0(0.2) ... <6.3 <2.4 ... ... ...
G030.97 MM1 ... 16(2) 9.4(1.5) ... >3.6 5.2(0.6) 4.0(0.7) ... 0.37(0.12) ... ...
G031.97 MM5 0.1(0.1) ... 15(5) <3.5 2.3(0.1) >1.3 3.5(1.2) <2.9 ... ... ...
G031.97 MM7 0.45(0.38) 7.3(1.3) 15(13) <3.5 1.7(0.1) 1.2(0.2) 3.0(2.8) <2.1 ... 1.0(0.6) ...
G031.97 MM8 ... ... 9.5(3.4) ... >3.4 ... 3.4(1.2) ... ... ... ...
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Table 2.5 (cont’d)
IRDC Clump Optical Depth Column Density (cm−2)
τN2H+ τHCO+ τHNC τC2H N2H
+ HCO+ HNC C2H HC3N HNCO SiO
×1013 ×1014 ×1014 ×1014 ×1013 ×1013 ×1012
G033.69 MM1 ... 9.8(1.3) 11(1) ... >3.6 1.7(0.2) 2.9(0.3) ... 1.0(0.1) 4.6(0.6) 5.3(1.0)
G033.69 MM2 ... <17 15(3) 1(1) >3.2 <4.5 4.5(1.1) 4(4) 1.0(0.2) 4.3(1.2) ...
G033.69 MM3 ... <19 <16 ... >2.4 <3.6 <5.2 ... ... ... ...
G033.69 MM4 ... 12(4) 16(4) ... >3.1 1.8(0.6) 3.4(0.8) ... 0.6(0.2) 3.1(1.0) ...
G033.69 MM5 ... <32 <18 <2.9 >2.2 <3.9 <4.2 <3.8 ... ... ...
G033.69 MM11 ... <12 <13 <4.0 ... <2.5 <5.0 <1.5 ... ... ...
G034.43 MM1 0.42(0.11) ... 18(2) 1.7(1.0) 14(1) >4.8 14(2) 7.8(4.7) 3.3(0.2) 8.6(1.4) 35(2)
G034.43 MM5 0.67(0.23) ... 30(4) ... 3.0(0.1) >1.9 5.2(0.8) ... 0.54(0.12) ... ...
G034.43 MM7 ... 22(6) 19(5) <1.9 >1.1 1.1(0.3) 2.3(0.6) <2.1 0.21(0.12) ... ...
G034.43 MM8 ... 66(29) <19 <3.9 >1.5 2.7(1.2) <2.6 <3.6 ... ... ...
G034.77 MM1 2.2(1.0) 28(4) 11(3) ... 4.1(2.0) 4.5(0.8) 2.4(0.8) ... 0.47(0.13) ... ...
G034.77 MM3 0.3(0.5) ... <22 <4.1 0.9(0.1) >0.50 <2.8 <3.0 ... ... ...
G035.39 MM7 0.2(0.4) 28(4) 18(4) 2.1(1.9) 2.4(0.2) 6.0(0.9) 3.8(0.8) 4.4(4.1) 0.32(0.15) ... ...
G035.59 MM1 <4.2 <31 <41 ... <2.8 <4.4 <1.8 ... ... ... ...
G035.59 MM2 ... 22(7) <12 ... >0.72 1.8(0.6) <1.1 ... ... ... ...
G035.59 MM3 0.4(0.4) 7.8(2.0) <11 2(2) 1.0(0.2) 1.1(0.3) <1.3 2(2) 0.1(0.1) ... ...
G036.67 MM1 3.2(1.2) <68 20(11) 4(4) 1.0(0.4) <1.6 1.0(0.6) 2(2) ... ... ...
G036.67 MM2 ... <20 <18 ... ... <0.65 <1.2 ... ... ... ...
G038.95 MM1 0.1(0.2) 27(4) 9.6(2.8) 1.2(0.9) 1.3(0.1) 4.3(0.6) 1.7(0.5) 2.4(1.9) 0.47(0.19) 0.92(0.53) ...
G038.95 MM2 0.9(0.9) 20(4) <11 ... 1.7(1.7) 4.6(1.0) <2.5 ... 0.35(0.17) ... ...
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Table 2.5 (cont’d)
IRDC Clump Optical Depth Column Density (cm−2)
τN2H+ τHCO+ τHNC τC2H N2H
+ HCO+ HNC C2H HC3N HNCO SiO
×1013 ×1014 ×1014 ×1014 ×1013 ×1013 ×1012
G038.95 MM3 2.4(1.1) 19(5) <14 <0.4 3.0(1.5) 3.4(0.9) <2.4 <2.8 ... ... ...
G038.95 MM4 1.7(1.2) <10 <14 <1.0 2.0(1.5) <1.8 <2.3 <2.2 ... ... 2.5(1.8)
G053.11 MM1 0.62(0.33) 11(1) 4.5(1.3) ... 3.1(0.3) 4.7(0.5) 2.0(0.6) ... 0.80(0.14) ... ...
G053.11 MM2 1.1(0.7) 14(3) 9.6(2.6) <1.1 2.8(1.9) 2.8(0.6) 1.9(0.5) <1.6 ... ... ...
G053.11 MM4 0.5(0.5) 23(3) 7.1(1.9) <0.2 1.1(0.2) 4.0(0.6) 1.5(0.4) <0.94 0.16(0.12) ... ...
G053.11 MM5 4.2(1.2) <11 <12 <0.9 2.9(0.9) <1.3 <1.5 <1.1 ... ... ...
G053.25 MM1 ... 7.8(2.5) <5.7 2(2) >1.4 1.4(0.4) <1.2 2(2) ... ... ...
G053.25 MM3 1.8(1.2) <15 <10 4(4) 1.4(1.0) <1.5 <1.4 3(3) ... ... ...
G053.25 MM4 0.3(0.3) 12(3) <5.8 ... 1.6(0.1) 2.4(0.6) <1.2 ... ... ... ...
G053.25 MM5 ... 21(7) <11 <4.8 ... 2.6(0.9) <1.4 <2.1 ... ... ...
G053.25 MM6 1.5(0.9) 13(3) <7.5 ... 3.8(2.4) 2.6(0.6) <1.7 ... ... ... ...
G053.31 MM2 2.7(1.2) <11 <13 ... 1.2(0.6) <0.67 <1.0 ... ... ... ...
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Table 2.6. Parameters used for N2H
+, HCO+, HNC, and SiO Column Density
Calculations
Molecule Dipole Moment Rotational Constant References
µ (D) B (GHz)
N2H+ 3.40 46.586871 1, 2, 3
HCO+ 3.89 44.594423 4, 5, 6
H13CO+ 3.89 43.377302 4, 5, 6
HNC 3.05 45.331980 7 ,8
HN13C 3.05 43.545600 7 ,8
SiO 3.10 21.711979 9, 10
Note. — References. (1) Botschwina (1984); (2) Havenith et al.
(1990); (3) Pagani et al. (2009); (4) Botschwina et al. (1993); (5)
Yamaguchi et al. (1994); (6) Lattanzi et al. (2007); (7) Blackman et al.
(1976); (8) van der Tak et al. (2009); (9) Raymonda et al. (1970); (10)
Mollaaghababa et al. (1991)
Column Densities
The column densities of N2H
+, HCO+ and HNC are calculated using equa-
tion 2.2. The SiO molecule is also a linear, rigid rotor. Thus, to estimate SiO
column densities, the equation 2.2 was also used. However, since only one SiO iso-
topologue was observed, the SiO emission is assumed to be optically thin, with a
filling factor of 1.0 (which gives the beam-averaged column density). Therefore,
replacing equation 2.3 in equation 2.2, the following expression is obtained
N =
3k
8pi3Bµ2R
(Tex + hB/3k)
(J + 1)
exp(E
J
/kTex)
[1− exp(−hν/kTex)] ×
1
[J(Tex)− J(Tbg)]
∫
Tmb dv . (2.13)
The values of the parameters used in the column density calculations (per-
manent dipole moment, rotational constant) of N2H
+, HCO+, HNC, and SiO are
summarized in Table 2.6.
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Table 2.7. Parameters used for C2H, HC3N and HNCO Column Density
Calculations
Molecule Qrot Rot. Const. gu Aul El/k
(GHz) (×10−6 s−1)
C2H kTex/hB + 1/3 B = 43.674518(1) 5.0 1.52757 0.00216
HC3N kTex/hB + 1/3 B = 4.5490586(2) 21.0 58.1300 19.6484
HNCO [pi(kTex)3/(h3ABC)]1/2 A = 918.417805(3) 9.0 8.78011 6.32957
B = 11.071010(3)
C = 10.910577(3)
Note. — Columns are: species, partition function, rotational constant, statistical weight of the
upper level, Einstein coefficient for spontaneous emission, and energy of the lower state.
Note. — References. (1) Padovani et al. (2009); (2) Thorwirth et al. (2000); (3) Lapinov et al.
(2007). Values for gν , Aul and El/k were obtained from The Cologne Database for Molecular
Spectroscopy (CDMS) (Mu¨ller et al. 2001, 2005).
The column densities of the remaining molecules (C2H, HC3N, HNCO) are de-
termined using equation 2.1. Although C2H is a linear molecule, its rotational energy
levels are described by the rotational quantum number N , instead of J . HC3N is
also linear and its partition function is the same used for diatomic, linear molecules
(Blake et al. 1987). On the other hand, HNCO is a standard asymmetric top molecule
with a different partition function (Blake et al. 1987). For C2H the column density
was calculated using the optical depths obtained in Section 2.5.1. For HC3N and
HNCO, the emission was assumed to be optically thin and the filling factor was used
to be equal to 1.0. The values of the parameters used in the column density calcula-
tions (partition function, rotational constants, statistical weight, Einstein coefficient
for spontaneous emission, and energy of the lower state) of C2H, HC3N and HNCO
are summarized in Table 2.7.
Taking into consideration 1σ uncertainties, 45% of the sources have N2H
+ op-
tical depths lower than 1.0. For these sources, the column densities were estimated
assuming the emission is optically thin.
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Upper limits to the column densities of the most commonly detected molecular
lines (N2H
+, HCO+, HNC) were estimated when they were not detected over the
3σ level. In the case of the optically thick HCO+ and HNC emission lines, the
limits were obtained first for their isotopologues (H13CO+ and HN13C). Then by
using the isotopic abundance ratio, the column densities for HCO+ and HNC were
estimated. In all non-detections, the emission was assumed to be optically thin, with
Tmb = 3Trms, and ∆V equal to 2.0 km s
−1.
Additionally, lower limits to the column densities were estimated for N2H
+ and
HCO+ when the normal approach was not applicable. For N2H
+, the intensity ratio
between the two brightest components, which is used to derive opacities, should not
be higher than its value in the optically thin limit, 5/3. However, in some cases,
this ratio exceeds the optically thin limit, but nevertheless remains consistent with
5/3 within the uncertainties. To calculate a lower limit for the column density, the
main N2H
+ component was assumed to be optically thin. For HCO+, in several
cases the spectra show self-absorbed profiles, and no Gaussian fit was performed.
Lower limits to the column densities were computed using the H13CO+ emission line
and assuming that its emission is optically thin. Then, using the [HCO+/H13CO+]
isotopic abundance ratio, the HCO+ column densities are obtained.
Derived column densities using the optical depths obtained in Section 2.5.1
were multiplied by the filling factor to get the beam-averaged column density. The
filling factor was calculated from Equation 2.3. Column densities for N2H
+, HCO+,
HNC, SiO, C2H, HC3N, and HNCO molecules (including all limits) are listed in the
Table 2.5. Median values of the column densities for each evolutionary sequence
(excluding limits when the lines are not detected above the 3σ level) are shown in
Table 2.8.
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Fig. 2.8 Histograms of the number distributions of N2H
+ column densities for each
evolutionary sequence. The name of the evolutionary stage is given on the top left
corner of each panel. The vertical dashed lines indicate the median values of the
column densities for each distribution. The diagonal patterns indicate the portions
of the histograms that correspond to upper and lower limits (see bottom panel, right
side). Median values of the column densities are given in Table 2.8.
N2H
+: Figure 2.8 shows the number distributions of the N2H
+ column densi-
ties for each evolutionary sequence. The K–S test gives a probability of 0.09% that
quiescent and active clump distributions originate from the same parent population.
Figure 2.8 shows a trend of increasing column densities as the clumps evolve, which
is supported by the median values (see Table 2.8) and the K–S test probability.
This trend does not necessary imply a change in the N2H
+ chemical abundances.
An increase of the N2H
+ column density could simply indicate that the total H2
column density increases while maintaining constant chemical composition. In Sec-
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Table 2.8. Median Values of Derived Clump Properties for each Evolutionary
Stage
Molecule Quiescent Intermediate Active Red All
Clumps Clumps Clumps Clumps Clumps
Optical Depths (τ)
HNC 24 22 18 16 19
N2H+a 0.8 0.8 0.5 1.8 0.8
HCO+ 30 20 16 19 21
C2Hb 2.9 2.4 2.2 1.4 2.4
Column Densities (cm−2)
HNC 1.8× 1014 2.5× 1014 3.4× 1014 2.5× 1014 2.4× 1014
N2H+ 1.0× 1013 1.4× 1013 2.3× 1013 2.8× 1013 1.6× 1013
HCO+ 1.4× 1014 1.5× 1014 2.5× 1014 3.2× 1014 1.9× 1014
C2H 2.0× 1014 2.4× 1014 2.7× 1014 2.7× 1014 2.4× 1014
HC3N 3.0× 1012 4.1× 1012 5.5× 1012 8.0× 1012 4.8× 1012
HNCO 1.3× 1013 3.4× 1013 4.3× 1013 4.3× 1013 3.4× 1013
SiO 1.3× 1012 ... 1.4× 1013 4.6× 1012 7.7× 1012
Molecular Abundances
HNC 3.5× 10−8 4.4× 10−8 3.3× 10−8 6.1× 10−8 3.7× 10−8
N2H+ 1.6× 10−9 2.7× 10−9 3.1× 10−9 3.7× 10−9 2.4× 10−9
HCO+ 2.4× 10−8 2.5× 10−8 4.2× 10−8 5.7× 10−8 2.5× 10−8
C2H 3.6× 10−8 3.5× 10−8 4.3× 10−8 4.9× 10−8 3.7× 10−8
HC3N 3.1× 10−10 2.3× 10−10 5.0× 10−10 4.2× 10−10 4.2× 10−10
HNCO 1.8× 10−9 3.2× 10−9 2.5× 10−9 4.0× 10−9 2.8× 10−9
SiO 2.8× 10−10 ... 6.0× 10−10 4.4× 10−10 5.8× 10−10
aOptical depth for the brightest transition JF1F = 123 → 012.
bOptical depth for the brightest transition NJF = 1 3
2
2 → 0 1
2
1.
tions 2.5.2 the molecular abundances are discussed, which more definitively show
chemical variations. This argument applies to all the molecules discussed in this sec-
tion. Sakai et al. (2008) obtained N2H
+ column densities over a sample of 11 Spitzer
andMSX dark objects (no 24 and 8 µm emission, respectively) that can be compared
with quiescent clumps. Pirogov et al. (2003) obtained N2H
+ column densities of 34
clumps, where massive stars have already formed, that can be compared with active
clumps. Table 2.9 summarizes the results of previous studies, which are in good
agreement with the results in this work.
HCO+ and H13CO+: Figure 2.9 shows the number distributions of the HCO+
column densities for each evolutionary stage. The K–S test gives a probability of
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Table 2.9. Column Density Comparison with Other Works.
Different Works N2H+ HCO+ HNC C2H HC3N HNCO SiO
(×1013) (×1014) (×1014) (×1014) (×1012) (×1013) (×1013)
(cm−2) (cm−2) (cm−2) (cm−2) (cm−2) (cm−2) (cm−2)
This Work Q: 1.0 A: 2.5 A: 3.4 A: 2.7 Q: 3.1 A: 4.3 A: 1.4
A: 2.3 R: 3.2 ... ... ... R: 4.3 R: 0.5
Sakai et al. (2008) Q: 1.2 ... ... ... Q: 9.7 ... ...
Pirogov et al. (2003) A: 2.8 ... ... ... ... ... ...
Sakai et al. (2010) ... A: 3.3 A: 3.6 A: 3.3 ... ... A: 1.5
Purcell et al. (2006) ... R: 11.7 ... ... ... ... ...
Zinchenko et al. (2000) ... ... ... ... ... A-R: 8.6 ...
Miettinen et al. (2006) ... ... ... ... ... ... R: 2.0
Note. — Q = Quiescent; A = Active; R = Red.
This table displays median values for comparison.
2% that quiescent and active distributions originate from the same parent popula-
tion. Figure 2.9 shows a trend of increasing column densities as the clumps evolve,
which is supported by the median values (see Table 2.8) and the K–S test prob-
ability. Sakai et al. (2010) and Purcell et al. (2006) obtained H13CO+ and HCO+
column densities toward 20 and 79 massive clumps, respectively, associated with IR
emission, methanol masers, and UC H ii regions. This sample can be compared with
active and red cores (see Table 2.9). The high HCO+ column densities obtained by
Sakai et al. (2010) and Purcell et al. (2006) confirm the trend that HCO+ column
densities increase with the evolution of the clumps, as seen in Figure 2.9.
HNC and HN13C: Figure 2.10 shows the number distributions of the HNC col-
umn densities for each evolutionary stage. With a probability of 5% that quiescent
and active distributions originate from the same parent population, the K–S test
marginally supports an increase of HNC column densities. Figure 2.10 shows a
weaker trend (compared with N2H
+ and HCO+) of increasing column densities from
quiescent to active clumps. There are only a few systematic studies of HNC toward
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Fig. 2.9 Histograms of the number distributions of HCO+ column densities for each
evolutionary sequence. The name of the evolutionary stage is given on the top left
corner of each panel. The vertical dashed lines indicate the median values of the
column densities for each distribution. The diagonal patterns indicate the portions
of the histograms that correspond to upper and lower limits (see bottom panel, right
side). Median values of the column densities are given in Table 2.8.
a large sample of massive star forming or IRDC clumps. Sakai et al. (2010) observed
HN13C toward 20 massive clumps that can be compared with active clumps. Their
values, showed in Table 2.9, are in good agreement with the results in this thesis
work.
C2H: Figure 2.11 shows the number distributions of the C2H column densities for
each evolutionary sequence. The K–S test gives a probability of 38% that active and
quiescent distributions originate from the same parent population. No significant
trend is found for C2H. Table 2.9 compares the column densities obtained for 20
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Fig. 2.10 Histograms of the number distributions of HNC column densities for each
evolutionary sequence. The name of the evolutionary stage is given on the top left
corner of each panel. The vertical dashed lines indicate the median values of the
column densities for each distribution. The diagonal patterns indicate the portions
of the histograms that correspond to upper and lower limits (see bottom panel, right
side). Median values of the column densities are given in Table 2.8.
massive clumps by Sakai et al. (2010) with active clumps, which are in a reasonable
agreement.
HC3N: The median values for the HC3N column densities are summarized in
Table 2.8. HC3N emission was detected only in one quiescent clump, G028.37 MM12,
whose column density was 3.1×1012 cm−2. Sakai et al. (2008) obtained HC3N column
densities for 7 Spitzer andMSX dark objects (no 24 and 8 µm emission, respectively).
Their values are comparable to that found in the one quiescent clump of this work
(see Table 2.9).
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Fig. 2.11 Histograms of the number distributions of C2H column densities for each
evolutionary sequence. The name of the evolutionary stage is given on the top left
corner of each panel. The vertical dashed lines indicate the median values of the
column densities for each distribution. The diagonal patterns indicate the portions
of the histograms that correspond to upper limits. Median values of the column
densities are given in Table 2.8.
HNCO: The median values for the HNCO column densities are summarized
in Table 2.8. Zinchenko et al. (2000) calculated HNCO column densities toward 20
massive star forming clumps using rotational diagrams. These sources were selected
based on the presence of water masers and strong SiO emission, indicating they are
currently forming stars. They obtained higher values than those found in the IRDC
sample studied here (Table 2.9). This may be explained by the warmer rotational
temperatures (median of 88 K) obtained by Zinchenko et al. (2000).
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SiO: The median values for the SiO column densities are summarized in Ta-
ble 2.8. SiO emission was detected in no intermediate clumps and only in one qui-
escent clump, G024.33 MM7, whose column density is 1.4× 1012 cm−2. Sakai et al.
(2010) and Miettinen et al. (2006) obtained SiO column densities for 17 and 15 high-
mass star-forming clumps, respectively, associated with IR and maser emission and
UC H ii regions (See Table 2.9). Their values agree with those calculated for active
clumps. Red clumps, however, have lower column densities.
2.5.2 Chemical Variations
Molecular abundances were calculated in order to investigate if the different
evolutionary sequences proposed by Chambers et al. (2009) are chemically distin-
guishable.
Molecular Abundances
To estimate molecular abundances with respect to molecular hydrogen, the ratio
between the column density of a given molecule and the H2 column density derived
from dust emission is obtained. Observations of 1.2 mm dust continuum emission
were obtained by Rathborne et al. (2006) using the 30 m IRAM telescope (angular
resolution of 11′′). In order to calculate the molecular abundances, the continuum
emission data were smoothed to the angular resolution of the molecular line data at 3
mm, 38′′. The resulting 1.2 mm peak flux, H2 column densities, and molecular abun-
dances for the N2H
+, HCO+, HNC, C2H, HC3N, HNCO, and SiO lines (including
limits for N2H
+, HCO+, and HNC) are listed in Table 2.10.
Vasyunina et al. (2011) observed 37 different IRDC clumps in the fourth quad-
rant with the Mopra telescope. They also obtained molecular abundances for N2H
+,
HCO+, HNC, SiO, C2H, HC3N, and HNCO. Despite using a different assumption for
the temperature (Vasyunina et al. (2011) used NH3 temperatures), the abundances
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they find are in good agreement with the abundances determined in this work, except
for HNC. They determined HNC abundances about an order of magnitude lower than
our values. Because Vasyunina et al. (2011) did not have the isotopologue HN13C,
they assumed that the emission was optically thin in order to estimate the column
density. However, as discussed in Section 2.5.1, the optically thin assumption is not
valid for HNC in IRDCs because the HNC/HN13C intensity ratios demonstrate that
the HNC emission is optically thick.
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Table 2.10. Continuum Emission Parameters and Molecular Abundances
IRDC Clump 1.2 mm N(H2) Molecular Abundance
Flux ×1022 N2H
+ HCO+ HNC C2H HC3N HNCO SiO
(mJy) (cm−2) ×10−9 ×10−8 ×10−8 ×10−8 ×10−10 ×10−9 ×10−10
G015.05 MM1 45 0.86 1.8(1.6) 2.4(0.9) <2.6 <3.2 ... 1.9(0.8) ...
G015.05 MM2 25 0.35 <2.1 >1.7 <7.7 ... ... ... ...
G015.05 MM3 18 0.33 <1.1 ... <3.1 ... ... ... ...
G015.05 MM4 14 0.18 >5.5 >3.1 <8.3 <16 ... ... ...
G015.05 MM5 24 0.32 <1.6 <3.2 <7.5 ... ... ... ...
G015.31 MM2 22 0.43 2.8(1.2) ... <5.1 ... ... ... ...
G015.31 MM3 17 0.32 >1.0 <2.7 <1.6 ... ... ... ...
G015.31 MM5 22 0.34 ... <3.2 <4.0 ... ... ... ...
G018.82 MM2 77 0.82 <2.7 <3.9 <4.2 ... ... ... ...
G018.82 MM3 30 0.36 17(9) <28 <19 ... ... ... ...
G018.82 MM4 43 1.3 0.85(0.14) <6.7 <4.0 ... ... 0.8(0.8) ...
G018.82 MM6 46 0.88 1.4(0.1) >0.60 >0.91 ... ... ... ...
G019.27 MM2 46 0.65 3.4(2.3) ... 6.3(2.1) <6.4 ... ... ...
G022.35 MM1 93 2.2 0.19(0.05) <0.39 <0.51 ... ... ... ...
G022.35 MM2 32 0.29 ... ... <6.9 ... ... ... ...
G023.60 MM7 49 0.43 9.5(7.0) ... <8.0 ... ... ... ...
G023.60 MM9 32 0.41 2(2) ... <3.6 <3.7 ... ... ...
G024.08 MM2 48 0.72 1(1) 2.5(1.0) <3.5 ... ... ... ...
G024.08 MM3 33 0.48 1.9(1.7) <3.7 <4.0 ... ... ... ...
G024.08 MM4 45 0.63 <0.76 3.9(3.5) <2.9 ... ... ... ...
G024.33 MM2 44 0.56 >5.4 >2.4 11(2) ... ... 7.6(2.0) ...
G024.33 MM3 53 0.70 >3.8 >2.0 >1.2 <4.9 ... 4.0(1.3) 5.6(2.0)
G024.33 MM4 53 0.72 >2.2 >1.1 >1.1 ... ... ... ...
G024.33 MM5 51 0.67 3.2(0.3) >4.2 >1.2 <3.9 ... 8.1(1.4) ...
G024.33 MM7 26 0.49 2(2) 2.5(0.5) <2.2 <1.2 ... ... 2.8(1.5)
G024.33 MM8 42 0.55 ... <2.5 <4.7 ... ... ... ...
G024.33 MM9 43 0.31 ... <7.2 <11 ... ... ... ...
G024.33 MM11 32 0.55 2.8(0.2) 5.2(1.1) 7.3(2.7) ... ... ... ...
G024.60 MM2 78 1.5 0.81(0.54) 1.0(0.3) 1.0(0.4) <0.75 2.3(0.8) ... ...
G025.04 MM2 59 0.91 >0.68 <1.4 <1.9 ... ... ... ...
G025.04 MM4 62 0.89 2.7(0.1) <1.7 4.8(1.1) <1.2 ... 3.5(0.7) ...
G027.75 MM2 17 0.32 <3.1 ... ... ... ... ... ...
G027.94 MM1 41 0.37 4.4(3.6) ... 5.3(1.8) <5.2 ... ... ...
G028.04 MM1 44 0.47 4.9(3.4) 4.8(2.0) 12(6) <2.7 8.1(2.6) 6.2(1.8) ...
G028.08 MM1 29 0.61 1.0(0.9) ... <3.1 ... ... ... ...
G028.23 MM1 59 1.2 2.5(1.3) >0.81 >0.62 ... ... ... ...
G028.28 MM4 43 0.51 3.0(2.2) 3.6(0.7) <3.2 5(5) ... ... ...
G028.37 MM1 320 4.0 >1.1 >0.62 1.4(0.2) 1.1(0.6) 3.6(0.4) 2.5(0.2) 4.0(0.3)
G028.37 MM2 120 1.2 2.0(0.2) >2.0 5.2(1.4) <3.7 4.0(1.7) 2.9(1.2) ...
G028.37 MM4 120 1.5 3.1(0.1) 1.9(0.2) 2.9(0.3) 4.2(3.7) 5.7(0.7) 5.3(0.4) 9.2(0.7)
G028.37 MM6 87 1.7 1.6(0.1) 1.6(0.3) 1.7(0.3) 1(1) 4.5(0.7) 2.5(0.3) 6.0(0.5)
G028.37 MM9 67 1.2 >1.3 1.6(0.3) 1.3(0.2) ... ... ... ...
G028.37 MM11 53 0.60 1.7(0.3) >1.4 <12 <4.4 ... ... ...
G028.37 MM12 51 0.97 0.92(0.78) 2.5(1.4) <3.7 ... 3.1(1.6) ... ...
G028.37 MM13 20 0.28 5.2(2.1) ... ... ... ... ... ...
G028.53 MM3 85 1.8 1.3(0.7) 1.2(0.4) <1.3 ... ... ... ...
G028.53 MM5 44 0.63 4.6(1.4) <2.4 <5.5 ... ... ... ...
G028.53 MM7 44 0.86 >1.3 >1.1 4.0(1.4) ... ... ... ...
G028.53 MM8 35 0.54 >1.8 <6.5 <6.4 <3.7 ... ... ...
G028.53 MM9 61 0.94 2.0(1.4) <2.5 3.4(1.1) ... ... ... ...
G028.53 MM10 90 1.3 1.6(0.2) <2.2 3.8(1.1) <4.0 ... ... ...
G028.67 MM1 27 0.27 ... <6.1 <11 ... ... ... ...
G028.67 MM2 38 0.76 1(1) ... <3.5 ... ... ... ...
G030.14 MM1 40 0.64 <2.1 <1.8 <2.5 ... ... ... ...
G030.57 MM1 120 1.4 3.2(0.1) ... 2.8(0.9) 2(2) 6.1(1.1) 2.0(0.7) ...
G030.57 MM3 17 0.34 2.9(0.6) ... <19 <7.1 ... ... ...
G030.97 MM1 98 1.1 >3.4 4.8(0.5) 3.8(0.6) ... 3.4(1.1) ... ...
G031.97 MM5 29 0.35 6.8(0.4) >3.6 10(3) <8.5 ... ... ...
G031.97 MM7 36 0.59 2.9(0.2) 2.1(0.4) 5.1(4.8) <3.7 ... 1.7(1.0) ...
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Table 2.10 (cont’d)
IRDC Clump 1.2 mm N(H2) Molecular Abundance
Flux ×1022 N2H
+ HCO+ HNC C2H HC3N HNCO SiO
(mJy) (cm−2) ×10−9 ×10−8 ×10−8 ×10−8 ×10−10 ×10−9 ×10−10
G031.97 MM8 38 0.31 >11 ... 11(4) ... ... ... ...
G033.69 MM1 97 1.7 >2.1 1.0(0.1) 1.7(0.2) ... 5.6(0.8) 2.7(0.4) 3.1(0.6)
G033.69 MM2 75 0.73 >4.3 <6.2 6.1(1.6) 5(5) 14(2) 5.9(1.7) ...
G033.69 MM3 52 0.48 >5.0 <7.5 <11 ... ... ... ...
G033.69 MM4 65 1.00 >3.1 1.8(0.7) 3.4(0.8) ... 5.6(2.0) 3.1(1.0) ...
G033.69 MM5 44 0.49 >4.4 <7.9 <8.7 <7.7 ... ... ...
G033.69 MM11 37 0.65 ... <3.9 <6.1 <2.3 ... ... ...
G034.43 MM1 550 5.9 2.3(0.1) >0.82 2.3(0.3) 1.3(0.8) 5.7(0.4) 1.5(0.3) 5.9(0.4)
G034.43 MM5 89 1.8 1.7(0.1) >1.1 3.0(0.5) ... 3.1(0.7) ... ...
G034.43 MM7 59 0.85 >1.3 1.3(0.4) 2.7(0.7) <2.4 2.4(1.4) ... ...
G034.43 MM8 69 0.64 >2.4 4.2(1.9) <4.0 <5.6 ... ... ...
G034.77 MM1 110 1.1 3.7(1.8) 4.1(0.7) 2.2(0.7) ... 4.2(1.2) ... ...
G034.77 MM3 18 0.25 3.6(0.6) >2.0 <11 <12 ... ... ...
G035.39 MM7 50 0.61 3.9(0.3) 9.8(1.5) 6.2(1.3) 7.1(6.7) 5.3(2.4) ... ...
G035.59 MM1 22 0.25 <11 <17 <7.0 ... ... ... ...
G035.59 MM2 19 0.35 >2.0 5.1(1.6) <3.1 ... ... ... ...
G035.59 MM3 30 0.42 2.4(0.5) 2.7(0.7) <3.0 4(4) 3(3) ... ...
G036.67 MM1 38 0.90 1.1(0.4) <1.8 1.1(0.7) 2(2) ... ... ...
G036.67 MM2 38 1.2 ... <0.54 <1.0 ... ... ... ...
G038.95 MM1 100 3.3 0.40(0.03) 1.3(0.2) 0.51(0.15) 0.7(0.6) 1.4(0.6) 0.27(0.16) ...
G038.95 MM2 82 0.82 2(2) 5.7(1.3) <3.0 ... 4.2(2.1) ... ...
G038.95 MM3 57 0.88 3.4(1.7) 3.9(1.0) <2.7 <3.2 ... ... ...
G038.95 MM4 44 0.40 4.9(3.7) <4.5 <5.8 <5.4 ... ... 6.2(4.5)
G053.11 MM1 230 2.4 1.3(0.1) 2.0(0.2) 0.81(0.24) ... 3.3(0.6) ... ...
G053.11 MM2 55 0.63 4.4(3.0) 4.5(0.9) 3.0(0.9) <2.6 ... ... ...
G053.11 MM4 34 0.34 3.3(0.6) 12(2) 4.3(1.1) <2.8 4.7(3.6) ... ...
G053.11 MM5 25 0.22 13(4) <5.8 <7.1 <5.0 ... ... ...
G053.25 MM1 52 0.61 >2.4 2.3(0.8) <2.0 3(3) ... ... ...
G053.25 MM3 17 0.20 6.8(4.9) <7.5 <6.8 16(16) ... ... ...
G053.25 MM4 37 0.40 4.0(0.4) 6.0(1.4) <3.0 ... ... ... ...
G053.25 MM5 17 0.20 ... 13(4) <6.8 <10 ... ... ...
G053.25 MM6 34 0.30 13(8) 9.0(2.1) <5.6 ... ... ... ...
G053.31 MM2 34 0.59 2.1(1.1) <1.1 <1.7 ... ... ... ...
N2H
+ and HCO+
In general, the number distributions of abundances show few differences be-
tween the evolutionary sequences, with the exception of N2H
+ and HCO+ (Fig-
ure 2.12 and 2.13). It has been suggested that N2H
+ and HCO+ abundances are
anticorrelated, varying spatially over a given cloud and for different sources. These
variations were first noted by Turner & Thaddeus (1977) and Snyder et al. (1977),
and recently by Kim et al. (2006) and Lo et al. (2009); however, it has not been
studied in a large sample of star-forming clumps. Although spatial variations can-
not be examined here, due to single-pointing observations, whether the N2H
+ and
HCO+ abundances show differences for the four evolutionary stages proposed by
Chambers et al. (2009) can be tested.
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According to ion-molecule schemes of dense molecular clouds (e.g., Snyder et al.
1977; Jørgensen et al. 2004), N2H
+ and HCO+ are formed primary through reactions
with H+3 :
H+3 +N2 → N2H+ +H2 (2.14)
H+3 + CO→ HCO+ +H2 . (2.15)
The main destruction mechanisms for N2H
+ are electron recombination, when
CO is frozen out on dust grains,
N2H
+ + e− → N2 +H , (2.16)
and by reacting with CO, when CO is found in the gas-phase at standard abundances
([CO/H2] ∼ 10−4),
N2H
+ + CO→ HCO+ +N2 . (2.17)
The dominant removal mechanism for HCO+ is electron recombination
HCO+ + e− → CO+ H . (2.18)
Chemical models of low-mass star-forming regions (e.g., Lee et al. 2004;
Jørgensen et al. 2004) and one of a massive star-forming region (Kim et al. 2006)
show that the N2H
+ abundance drops and the HCO+ abundance increases from the
early stages of evolution, because most of the CO is frozen out, to later stages, when
CO is evaporated from the dust grains into the gas phase (T ∼20-25 K). Because
CO is both the main supplier of HCO+ and the main destroyer of N2H
+, the theory
suggests that the HCO+ abundance increases, and N2H
+ abundance decreases, as
the clump evolves to a warmer phase. It is notable, for reasons not yet fully under-
stood, that N2H
+ is resistant to depletion in cold, dense regions. For a long time,
it was thought that N2, the main supplier of N2H
+, had a lower binding strength
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Fig. 2.12 Histograms of the number distributions of N2H
+ abundances for each
evolutionary sequence. The name of the evolutionary stage is given on the top left
corner of each panel. The vertical dashed lines indicate the median values of the
abundances for each distribution. The diagonal patterns indicate the portions of the
histograms that correspond to upper and lower limits (see bottom panel, right side).
Median values of the column densities are given in Table 2.8.
to the grain surface than CO. However, recent measurements show that they are
similar (O¨berg et al. 2005). The chemical network that dominates the formation and
destruction of N2H
+ and HCO+ in early stages of star formation is given by Equa-
tions 2.14, 2.15, 2.16 and 2.18, but for more evolved stages, Equation 2.16 becomes
less important and is replaced by Equation 2.17. A complete chemical network of
H+3 , N2H
+, and HCO+, including formation and destruction rates, is presented in
detail by Jørgensen et al. (2004).
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Fig. 2.13 Histograms of the number distributions of HCO+ abundances for each
evolutionary sequence. The name of the evolutionary stage is given on the top left
corner of each panel. The vertical dashed lines indicate the median values of the
abundances for each distribution. The diagonal patterns indicate the portions of the
histograms that correspond to upper and lower limits (see bottom panel, right side).
Median values of the column densities are given in Table 2.8.
Median values of N2H
+ and HCO+ abundances increase from the colder, qui-
escent phase to the warmer phases, as seen in Figure 2.12 and 2.13 and Table 2.8.
The K-S test gives a probability of 0.09% and 1.2% that quiescent and active dis-
tributions originate from the same parent populations for N2H
+ and HCO+, respec-
tively. HCO+ abundances follow model predictions, whereas N2H
+ abundances are
inconsistent. This discrepancy may suggest: (1) a different chemistry in high-mass
star-forming regions, (2) some inaccuracy in the chemical models (formation and de-
struction rates of molecules involved in the formation of N2H
+ may be incorrect), or
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(3) the large beam of Mopra is including emission from cold gas which is surrounding
the warmer and more compact regions directly associated with the star formation
processes at the center of the clumps. If most of the N2H
+ emission is coming from a
cold envelope, in clumps that show signs of star formation, a higher temperature than
the actual value has been used in the abundance calculation. Higher temperatures
would lead to overestimated N2H
+ abundances.
To test how significant the obtained K–S and median values are, Monte Carlo
simulations taking into consideration the uncertainties and limits were run. A Monte
Carlo simulation containing 1,000 iterations was run assuming: (1) calculated abun-
dances can move in a Gaussian distribution according to their uncertainties, and
(2) abundances that are lower and upper limits can randomly move between the
limit value and the maximum and minimum abundance in the whole sample, respec-
tively. Thus, in one iteration (or simulation) new abundances were determined for
all sources. New K–S tests were run and new median values to the distributions were
calculated. At the end of the simulation, distributions of K–S test probabilities and
median values, of 1,000 elements each, are obtained.
Figure 2.14 shows the Monte Carlo simulation of K–S probabilities comparing
the quiescent and active distributions of N2H
+ (top panel) and HCO+ (bottom panel)
abundances. When uncertainties are not taken into account and no difference is made
between the calculated and limit values, the K–S test gives a probability of 0.09% and
1.2% for N2H
+ and HCO+ abundances, respectively. These low probabilities support
that quiescent and active distributions originate from different parent populations.
As can be seen in Figure 2.14, the Monte Carlo simulation shows that in ∼60% of
the simulations the K–S probabilities are lower than 5%.
Figure 2.15 shows the Monte Carlo simulation of median N2H
+ and HCO+
abundances for the quiescent and active distributions. When uncertainties are not
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Fig. 2.14 Monte Carlo simulation of K–S probabilities comparing the quiescent and
active distributions of N2H
+ and HCO+ abundances. A total of 1,000 iterations were
run varying the value of upper/lower limits and taking into account uncertainties in
the measured abundances. The K–S probability is given in percentage.
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taken into account and no difference is made between the calculated and limit values,
the median abundances of quiescent and active sources are different by a factor ∼2
(see Table 2.8). However, this difference may not be significant if uncertainties and
limits are considered. From Figure 2.15, it can be seen that for both molecules the
distribution of median values have no significant overlap (<1%) when active and
quiescent distributions are compared.
The Monte Carlo analysis supports the notion that the N2H
+ and HCO+ abun-
dance distributions for quiescent and active sources are distinct and gives confidence
in the observed trends of increasing abundances as the clumps evolve. However,
given the overlap between distributions, a given source cannot be precisely assigned
an evolutionary phase based on particular N2H
+ and HCO+ abundances.
Other Molecules
The evolutionary status of the clumps is not evidently distinguishable from the
abundances of HNC, C2H, HC3N, HNCO, and SiO, although their median values
increase as clumps evolve. Median values of the molecular abundances for each
evolutionary sequence (excluding the limits when the lines are not detected) are
shown in Table 2.8.
It is expected that abundances of SiO and more complex molecules, such as
HC3N and HNCO, increase in more evolved star-forming regions. In evolved regions,
these molecules or their parent molecules are released from the dust grains by shocks
and sublimation due to the temperature increase. However, the number of SiO, HC3N
and HNCO detections is low, and biased toward sources with current star formation
(see Figure 2.7). There are no enough detections to compare the abundances of these
molecules at each evolutionary sequence.
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Fig. 2.15 Monte Carlo simulation of median N2H
+ and HCO+ abundances for the
quiescent and active distributions. A total of 1,000 iterations were run varying the
value of upper/lower limits and taking into account uncertainties in the measured
abundances. The vertical dashed lines indicate the median values of the initial abun-
dance distributions, also shown in Figure 2.12 and 2.13.
2.5.3 Assumptions and Limitations in Calculating Column Densities and
Abundances
This section discusses the major assumptions and limitations that affect the cal-
culations of column densities and molecular abundances. Although the assumptions
used in this thesis are widely used in the literature, it is important to be aware of
their implications.
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Temperature. Under the assumption of local thermodynamic equilibrium
(LTE) conditions, the excitation temperature for all molecules is identical to the
dust temperature for a given source. This assumption is reasonable since the critical
densities of the molecules that were used to calculate physical parameters (between
2 × 105 - 2 × 106 cm−3) are comparable to the density of the sources (∼106 cm−3;
Rathborne et al. 2010), implying they are close to thermalization. However, the dust
temperature is an average temperature along the line of sight, and may not neces-
sarily reflect the temperature of the dust and gas in the portion of the clumps/cores
which are dense enough to produce the observed molecular lines.
Isotopic abundance ratio. In the calculation of optical depths and column
densities for HCO+ and HNC, a constant value of 50 for the [12C/13C] isotopic abun-
dance ratio was assumed for all sources, regardless of their different distances to the
Galactic center. However, some observations suggest that this ratio increases out-
wards from the Galactic center (Savage et al. 2002). The [12C/13C] ratio has been
measured using several methods and ranges from ∼20 to ∼70 (Savage et al. 2002,
and references therein). Because most of the IRDCs in this thesis are part of the
5 kpc molecular ring and are not distributed across a large range of Galactocentric
distances, the variation of the [12C/13C] ratio is expected to contribute with an error
no larger than ∼30% in the column density estimates.
Dust emission properties. H2 column densities were calculated using the
smoothed 1.2 mm emission data from Rathborne et al. (2006) and the same proce-
dure that they used. The main assumptions are that the dust opacity per gram of
gas, κ1.2mm, is 1.0 cm
2 g−1, and the gas-to-dust mass ratio is 100. The value for
κ1.2mm was determined by Ossenkopf & Henning (1994) assuming dust grains with
thin ice mantles at gas densities of 106 cm−3. However, dust opacities and the gas-to-
dust ratio are not well constrained. They could vary due to dust destruction in later
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stages of evolution (by shocks or UV radiation), or grain growth in dense, cold cores
at very early stages. In the first scenario, the gas-to-dust ratio would be greater than
100; in the second scenario, the gas-to-dust ratio would be less than 100 and κ1.2mm
would decrease.
2.5.4 Selecting High-Mass Prestellar Clumps Candidates to Test Models
of High-Mass Star Formation
As discussed in the Introduction section, the early, prestellar phase is the least
studied of all phases of high-mass star formation and is fundamental in testing the-
oretical models. One of the goals of this Chapter is to select the best example of a
high-mass, prestellar clump candidate to (1) confirm its prestellar nature with more
sensitive observations in Chapter 3 and (2) test models of high-mass star formation
in Chapter 4.
Table 2.11 lists the quiescent clumps of this study that have enough mass to
form a high-mass star. This estimation is based on the observed relation between
the maximum stellar mass in a cluster (mmax) and the mass of the cluster (Mcluster),
given by (Larson 2003)
(
mmax
M
)
= 1.2
(
Mcluster
M
)0.45
. (2.19)
A stellar cluster should have a total mass of 68 M to contain one 8 M star.
Assuming a cluster star formation efficiency of 30% (Alves et al. 2007), a clump would
need a gas mass of at least 225 M to form a stellar cluster of 68 M containing a
high-mass star of 8 M.
Given the trends in the N2H
+ and HCO+ abundances found in this chapter,
sources that are in the low end of the abundance range are likely to be in the earliest
phases of evolution. In the early stages of evolution, sources heating the dust and
gas are not expected. Thus, prestellar sources should have low temperatures.
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Table 2.11. High-Mass, Prestellar Clump Candidates
IRDC Clump Tdust
a Massa Molecular Abundance Other Molecules
N2H
+ HCO+ Detected
(K) (M) ×10−9 ×10−8
G028.23 MM1 22.0 640 2.5(1.3) >0.81 HNC
G024.33 MM4 31.0 300 >2.2 >1.1 HNC
G024.33 MM8 31.5 240 ... <2.5 HNC
G024.33 MM11 26.0 550 2.8(0.2) 5.2(1.1) HNC
G028.37 MM9 24.5 680 >1.3 1.6(0.3) HNC
G028.53 MM3 22.0 1230 1.3(0.7) 1.2(0.4) HNC
G028.53 MM7 23.0 360 >1.3 >1.1 HNC
G028.53 MM8 28.0 530 >1.8 <6.5 HNC, C2H
G031.97 MM7 27.0 620 2.9(0.2) 2.1(0.4) HNC, C2H, HNCO
Note. — The best examples of high-mass, prestellar clump candidates are marked
in bold font.
aValues from Rathborne et al. (2010).
Combining the results from Rathborne et al. (2010) and the new molecular line
information in this thesis work, three clumps qualify as the best high-mass, prestellar
clump candidates: G028.23 MM1, G028.53 MM3, and G028.53 MM7. These three
sources were chosen taking in consideration:
1.) N2H
+ abundances lower than the median value for quiescent sources, taking
in consideration the uncertainties and if the values were limits. This criterion excludes
G024.33 MM4, G024.33 MM11, G028.53 MM8, and G031.97 MM7.
2.) HCO+ abundances lower than the median value for quiescent sources, taking
in consideration the uncertainties and if the values were limits. This criterion excludes
G024.33 MM11.
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3.) the absence of molecules that require conditions of current star formation to
be formed or excited. For example, C2H needs C
+, found in PDRs, to be efficiently
formed (Mul & McGowan 1980) and HNCO parent molecules need to be evaporated
from dust grains to then dissociate and form HNCO in the gas phase (Tideswell et al.
2010). This criterion excludes G028.53 MM8 and G031.97 MM7.
4.) the presence of only one velocity component. G024.33 MM8 has two close
velocity components and is highly likely that the mass estimated by Rathborne et al.
(2010) is the combined total of two different clumps, rather than a single clump.
5.) the temperature of the IRDC clump must be below 23.7 K, chosen because it
is the median temperature for quiescent sources in Rathborne et al. (2010). Sources
with low temperatures are likely to be in a early stage of evolution. This criterion
excludes G024.33 MM4, G024.33 MM8, G024.33 MM11, G028.37 MM9, G028.53
MM8, and G031.97 MM7.
6.) the quiescent clump must be hosted in an IRDC that shows low activity of
star formation, as traced by IR emission. The justification for this requirement is
that in the rest of the thesis it is intended to study a pristine high-mass, prestellar
source and it is desiable to avoid protostellar sources that could potentially distort
the results from the prestellar candidates. This criteriom excludes the clumps located
in IRDCs G024.33, G028.37, and G031.97, which host several red and active clumps.
In conclusion, the best high-mass, prestellar clump candidates from Table 2.11
are G028.23 MM1, G028.53 MM3, and G028.53 MM7. All other sources have more
than 3 reasons to be discarded, while G028.23 MM1, G028.53 MM3, and G028.53
MM7 have none. Both IRDC G028.23 and IRDC G028.53, were observed with
CARMA to further investigate their prestellar nature. In this thesis, the observations
on IRDC G028.23 will be discussed in the following Chapter. This cloud was selected
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because, based on Spitzer observations, it seems to be in a slightly earlier evolutionary
stage than IRDC G028.53.
2.6 Summary
A multi-line survey at 3 mm toward a large sample of IRDC clumps was carried
out in order to investigate the behavior of the different molecular tracers and search
for chemical variations through an evolutionary sequence based on Spitzer IRAC and
MIPS emission. N2H
+, HNC, HN13C, HCO+, H13CO+, HCN, C2H, HC3N, HNCO,
and SiO lines were observed with the Mopra 22 m telescope located in Australia.
After eliminating clumps that are not located in IRDCs and pairs of clumps that are
located within one Mopra beam, the final study is based on 92 sources.
HNC and N2H
+ lines are detected in almost every IRDC clump at every evolu-
tionary stage, indicating that their presence does not depend on the star formation
activity. On the other hand, HC3N, HNCO, and SiO lines are predominantly detected
in later stages of evolution, as expected from their formation paths.
Increases of N2H
+ and HCO+ abundances are statistically significant and reflect
chemical evolution from the quiescent, cold phase to the protostellar, warmer phases.
For HCO+ abundances, the observed trend is consistent with theoretical predictions.
On the other hand, chemical models fail to explain the observed trend of increasing
N2H
+ abundances.
Combining the new molecular line observations of this thesis with published
works on the same IRDC sample, the best three high-mass, prestellar clump candi-
dates were selected (G028.23 MM1, G028.53 MM3, and G028.53 MM7). These three
sources are cold, IR-dark, massive, and show no line emission from complex molecules
that require conditions of current star formation to be formed or excited, and has
N2H
+ and HCO+ abundances that are consistent with the measured abundances in
65
prestellar sources. The three sources were observed with CARMA. For this thesis,
G028.23 MM1 was selected for a more detailed study because it seems to be in a
slightly earlier evolutionary stage, based on Spitzer observations.
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Chapter 3
Establishing the Prestellar Nature of the IRDC G028.23-00.19
3.1 Motivation
Although several studies have focused on IRDCs, the number of studies on
starless candidates is small (e.g., Pillai et al. 2011). To fully understand the processes
that form high-mass stars, it is necessary to characterize high-mass star-forming
regions from the earliest stages of evolution. Since models of high-mass star formation
posit different initial conditions in the earliest phases, they can be distinguishable
in the early prestellar phase. Therefore, it is key to confirm the prestellar nature of
the target before testing the models. The main goal of this chapter is to confirm or
refute the prestellar nature of the IRDC G028.23-00.19, the best example of a high-
mass, prestellar clump selected in Chapter 2. This Chapter is based on the results
presented in Sanhueza et al. (2013).
3.2 Known Properties of IRDC G028.23-00.19
The evolutionary stage of a molecular clump can be initially assessed by us-
ing IR observations. As seen in Figure 3.1, IRDC G028.23-00.19 appears to be
in a very early stage of evolution because it is dark at Spitzer/IRAC 3.6, 4.5 and
8.0 µm (Benjamin et al. 2003), Spitzer/MIPS 24 µm (Carey et al. 2009), and Her-
schel/PACS 70 µm (Molinari et al. 2010), except for a bright unrelated IR source
superimposed against the northern part of the cloud. This source is an OH/IR star
(Bowers & Knapp 1989), and is not a protostar. This foreground low-mass star, in
a very late stage of evolution, is not associated with the IRDC. Indeed, its Vlsr is
∼52 km s−1, whereas the Vlsr of IRDC G028.23-00.19 is 80 km s−1. Located in the
center of this IRDC, the clump MM1 is one of the most massive, IR-quiescent clumps
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known, with a mass of ∼1500 M, as determined from 1.2 mm continuum emission
(Rathborne et al. 2010) and a kinematic distance of 5.1 kpc (Section 2.4.3). By fit-
ting the spectral energy distribution (SED), Rathborne et al. (2010) determined for
MM1 a dust temperature of 22 K. Recently, Chira et al. (2013) estimate a kinetic gas
temperature of 8 K by using NH3 observations. As explained in Section 3.5.1, a new
estimation of the dust temperature of 12 K, closer to the gas temperature, is obtained
and will be used in this thesis. Battersby et al. (2010) observed this IRDC in 3.6
cm continuum emission with the VLA at ∼2.5′′ angular resolution and found no H ii
regions associated with the cloud at 1σ sensitivity of 0.01 mJy beam−1, which corre-
sponds to a spectral type of B3 or later (Jackson & Kraemer 1999). Chambers et al.
(2009) searched for, but failed to detect, 22.23 GHz H2O and Class I 24.96 GHz
CH3OH masers with the GBT at ∼32′′ angular resolution toward MM1 (σrms ∼= 0.05
K). As discussed in Section 2.5.4, IRDC G028.23-00.19 MM1 shows no line emis-
sion from complex molecules that require conditions of current star formation to be
formed or excited and has N2H
+ and HCO+ abundances that are consitent with the
measured abundances in prestellar sources.
Based on the results obtained from a large variety of observations, it seems likely
that the whole IRDC and the high-mass clump MM1 are in the prestellar phase. With
the following new molecular line observations, more sensitive than previous ones, the
prestellar nature of the IRDC will be established.
3.3 Observations
Observations were carried out with the Combined Array for Research in
Millimeter-wave Astronomy (CARMA), a 15-element interferometer consisting of
nine 6.1 m and six 10.4 m antennas, during the CARMA Summer School 2011 July
27 in the compact E configuration. The projected baselines range from 8 to 66 m.
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Fig. 3.1 Spitzer and Herschel IR images of IRDC G028.23-00.19 overlaid with 1.2 mm
continuum emission from the IRAM 30 m telescope (11′′) in white contours. Left:
Spitzer/IRAC 3-color (3.6 µm in blue, 4.5 µm in green, and 8.0 µm in red) image.
Center: Spitzer/MIPS 24 µm image. Right: Herschel/PACS 70 µm image. Contour
levels for the 1.2 mm continuum emission are 20 (∼3σ), 35, 50, 65, 85, and 105 mJy
beam−1. Except for the unrelated foreground OH/IR star in the north, there is no
IR evidence of embedded active star formation.
The CARMA correlator has eight bands, each with an upper and lower sideband.
One band was configured to have a bandwidth of 487.5 MHz, resulting in a total
bandwidth of ∼1 GHz by including both sidebands, to observe continuum emission
at 3.3 mm for calibration (91.878 GHz). The remaining seven bands were used to
observe 9 different molecular species (NH2D, H
13CO+, SiO, HN13C, C2H, HCO
+, and
HNC in the lower sidebands; and N2H
+ and CH3OH in the upper sidebands). For all
seven bands, a bandwidth of 31 MHz (∼100 km s−1) and a spectral resolution of 97
kHz (∼0.3 km s−1) were used. Using natural weighting, the 1σ rms noise is 0.4 mJy
beam−1 for continuum emission, and ∼36.2 mJy beam−1 (∼46.9 mK) per channel
for molecular lines. The average of the major and minor axis of the final synthesized
beam was 10′′.9, which corresponds to a physical size of ∼0.27 pc at the distance of
5.1 kpc. The typical rms noise, synthesized beam, and position angle (P.A.) for the
continuum emission and each molecular line are given in Table 3.1.
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Table 3.1. Summary of Observed Molecular Lines and Continuum Emission
Molecule/ Molecular Frequency Eu/k Beam Size P.A. rms Noise
Continuum Transition (GHz) (K) (′′×′′) (Deg.) (mJy beam−1) (mK)
NH2D JKa,Kc = 11,1 − 10,1 85.926260 20.68 15.3 × 8.4 -25.7 33.6 43.0
H13CO+ J = 1− 0 86.754330 4.16 15.0 × 8.5 -26.9 31.1 39.8
SiO J = 2− 1 86.846998 6.25 15.0 × 8.4 -27.0 31.0 39.7
HN13C J = 1− 0 87.090859 4.18 14.5 × 8.6 -26.1 37.2 48.4
C2H N = 1− 0, J = 3/2− 1/2, F = 2− 1 87.316925 4.19 14.6 × 8.6 -26.3 36.4 46.6
HCO+ J = 1− 0 89.188526 4.28 14.6 × 8.2 -27.5 33.3 42.9
HNC J = 1− 0 90.663574 4.35 14.4 × 8.0 -28.2 38.6 49.8
N2H
+ J = 1− 0, F1 = 1− 1, F = 2− 2 93.171913 4.47 14.0 × 7.8 -28.2 40.5 52.7
J = 1− 0, F1 = 2− 1, F = 3− 2 93.173772 4.47 14.0 × 7.8 -28.2 40.5 52.7
J = 1− 0, F1 = 0− 1, F = 1− 2 93.176261 4.47 14.0 × 7.8 -28.2 40.5 52.7
CH3OH JK = 2−1 → 1−1 E 96.739362 12.55 13.0 × 7.6 -26.0 44.5 58.8
JK = 20 → 10 A 96.741375 6.97 13.0 × 7.6 -26.0 44.5 58.8
JK = 20 → 10 E 96.744550 20.10 13.0 × 7.6 -26.0 44.5 58.8
3.3 mm . . . 91.877525 . . . 14.2 × 7.9 -27.9 0.4 . . .
Note. — Rest frequencies and upper energy levels were adopted from the Splatalogue database (JPL, Pickett et al. 1998; CDMS,
Mu¨ller et al. 2001, 2005), except for N2H
+ frequencies which are from Daniel et al. (2006).
The system temperature varied from 190 to 250 K during the 7.1 hr track (5.4
hr on source). The receivers were tuned to a local oscillator (LO) frequency of 91.918
GHz. The phase center of the observations is (R.A., Dec.)J2000 = (18
h43m30.s78, -
04◦13′16.′′25). At the center frequency of 91.918 GHz, the primary beam or field of
view of the 6.1 and 10.4 m antennas are 135′′ and 79′′, respectively.
The data were reduced and imaged in a standard way using MIRIAD software.
The quasars 1743-038 and 1751+096 were used for phase and bandpass calibrations,
respectively. Neptune was used for flux calibration. The uncertainty in the absolute
flux is about 15%.
3.4 Results
Figure 3.1 shows the Spitzer/IRAC 3.6, 4.5 and 8.0 µm image (left),
Spitzer/MIPS 24 µm image (middle), and Herschel/PACS 70 µm image (right) over-
laid with contours of the 1.2 continuum emission (11′′ angular resolution). As can
be seen from the IR images, the IRDC is completely dark, except for the foreground
OH/IR star superimposed against the northern part of the cloud. The 1.2 mm con-
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tinuum emission, from the IRAM 30 m telescope (Rathborne et al. 2006), matches
the morphology of the IR extinction well. The massive clump MM1 is located at the
center of the cloud.
Figure 3.2 shows the 3.3 mm continuum emission and integrated intensity maps
of N2H
+ J = 1 → 0, H13CO+ J = 1 → 0, and HN13C J = 1 → 0 in images and
color contours (the velocity ranges of integration are given in the figure caption). For
N2H
+, the transition with the lowest optical depth, the isolated hyperfine component
J = 1− 0, F1 = 0− 1, F = 1− 2, was used. White contours are the 1.2 mm contin-
uum emission from IRAM telescope. The 3.3 mm continuum emission from CARMA
is more compact than the 1.2 mm emission. This is probably due to the low 3.3 mm
flux at 12 K (see Section 3.5.1), the low sensitivity arising from using only ∼1 GHz
of continuum bandwidth, and because the interferometer may be missing extended
flux. In fact, comparing the measured flux at 3.3 mm with the expected 3.3 mm
flux from the SED fitting done in Section 3.5.1, the interferometer is only recovering
about 40% of the total flux. The emission of N2H
+, H13CO+, and HN13C resembles
the 1.2 mm emission from IRAM, although less extended. Using the Mopra single-
pointing observations from Chapter 2, it is estimated that all the flux for N2H
+ is
recovered. Except for N2H
+, HCO+, and HNC, there are no observations from single-
dish telescopes to evaluate if any other molecular line suffers from missing extended
flux. Based on the spatial extent of H13CO+, HN13C, NH2D, C2H, SiO, and CH3OH
emission, it is likely that the zero-spacing problem is not important in these line
observations and most of the flux is recovered with the interferometer. On the other
hand, using the Mopra single-pointing observations from Chapter 2, it is estimated
that only ∼30% of the HCO+ and HNC flux is recovered by the interferometer.
Figure 3.3 shows the integrated intensity maps of NH2D J = 1 → 1, C2H J =
1→ 0, SiO J = 2→ 1, and CH3OH J = 2→ 1 in images and color contours (ranges
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Fig. 3.2 N2H+ J = 1− 0, F1 = 0− 1, F = 1− 2, H13CO+ J = 1 → 0, and HN13C J = 1 → 0
integrated intensity and 3.3 mm continuum emission maps of IRDC G028.23-00.19 in images and
color contours. White contours correspond to the 1.2 mm continuum emission from the IRAM 30
m telescope (11′′). Top left: contour levels for the 3.3 mm continuum emission are -3, 3, 4, 5, and
6σ (σ = 0.4 mJy beam−1). Top right: contour levels for the integrated intensity map of N2H
+
J = 1− 0, F1 = 0− 1, F = 1− 2, between 76.9 and 82.8 km s−1, are -4, 3, 5, 7, 9, 12, 15, and 18σ
(σ = 54.0 mJy beam−1 km s−1). Bottom left: contour levels for the integrated intensity map of
H13CO+, between 76.6 and 82.4 km s−1, are -4, 3, 4, 5, 6, 8, 11, and 14σ (σ = 43.3 mJy beam−1
km s−1). Bottom right: contour levels for the integrated intensity map of HN13C, between 77.0
and 82.7 km s−1, are -4, 3, 4, 5, 6, 7, 8, and 9σ (σ = 51.6 mJy beam−1 km s−1). Contour levels for
the 1.2 mm continuum emission are 20 (∼3σ), 35, 50, 65, 85, and 105 mJy beam−1. Yellow dashed
circles in top right pannel show the primary beam of the 6.1 and 10.4 m antennas (135′′ and 79′′,
respectively). The synthesized CARMA beam is shown in the bottom left of each pannel.
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Fig. 3.3 NH2D J = 1 → 1, C2H J = 1 → 0, SiO J = 2 → 1, and CH3OH J = 2 → 1 integrated
intensity maps of IRDC G028.23-00.19 in images and color contours. White contours correspond
to the 1.2 mm continuum emission from the IRAM 30 m telescope (11′′). Top left: contour levels
for the integrated intensity map of NH2D, between 78.2 and 80.9 km s
−1, are -4, 3, 5, 7, 9, and
11σ (σ = 32.3 mJy beam−1 km s−1). Top right: contour levels for the integrated intensity map
of C2H, between 77.7 and 82.7 km s
−1, are -4, 3, 4, 5, and 6σ (σ = 47.3 mJy beam−1 km s−1).
Bottom left: contour levels for the integrated intensity map of SiO, between 70.6 and 84.7 km s−1,
are -4, 4, 6, 8, 11, 14, 17, and 20σ (σ = 67.7 mJy beam−1 km s−1). Bottom right: contour levels
for the integrated intensity map of all three CH3OH transitions, between 72.9 and 90.8 km s
−1, are
-5, 4, 9, 14, 20, 26, 32, and 40σ (σ = 103.6 mJy beam−1 km s−1). Contour levels for the 1.2 mm
continuum emission are 20 (∼3σ), 35, 50, 65, 85, and 105 mJy beam−1. Yellow dashed circles in top
right pannel show the primary beam of the 6.1 and 10.4 m antennas (135′′ and 79′′, respectively).
The synthesized CARMA beam is shown in the bottom left of each pannel.
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Table 3.2. Gaussian Fit Parameters of Molecular Lines in Selected Positions
Molecule Transition Tmb Vlsr ∆V Position
(K) (km s−1) (km s−1)
NH2D JKa,Kc = 11,1 − 10,1 0.36 ± 0.03 79.6 ± 0.1 1.3 ± 0.1 MM1
H13CO+ J = 1− 0 0.28 ± 0.02 79.4 ± 0.1 2.4 ± 0.2 MM1
HN13C J = 1− 0 0.28 ± 0.03 79.5 ± 0.1 1.9 ± 0.2 MM1
C2H N = 1− 0, J = 3/2− 1/2, F = 2− 1 0.18 ± 0.03 79.3 ± 0.2 1.8 ± 0.4 MM1
N2H+ J = 1− 0, F1 = 0− 1, F = 1− 2 0.66 ± 0.03 79.2 ± 0.1 1.9 ± 0.1 MM1
CH3OH JK = 2−1 → 1−1 E 0.89 ± 0.03 79.3 ± 0.1 2.2 ± 0.1 MM1
JK = 20 → 10 A 1.12 ± 0.03 79.3 ± 0.1 2.1 ± 0.1 MM1
JK = 20 → 10 E 0.13 ± 0.04 79.3 ± 0.1 1.4 ± 0.5 MM1
SiO J = 2− 1 0.14 ± 0.02 81.8 ± 0.2 1.9 ± 0.3 Center-West
0.26 ± 0.01 76.3 ± 0.2 6.3 ± 0.4 South
0.13 ± 0.01 80.5 ± 0.3 7.7 ± 0.8 North
of integration are given in the figure caption). For NH2D, the main component
JKa,Kc = 11,1 → 10,1 was used. A velocity range including all three transitions was
used for CH3OH. The emission of NH2D and C2H is compact and is mostly located
in the densest part of the IRDC, the MM1 clump. As discussed in Section 3.5.4, the
enhancement of these molecules is likely due to cold prestellar gas-phase chemistry.
Emission from SiO and CH3OH is highly unexpected because of the absence of IR
signs of star formation (as discussed in more depth in Section 3.5.3). SiO and CH3OH
emission are frequently associated with active star formation. The SiO emission
is located in the northern and southern regions of the IRDC, and it seems to be
unassociated with the MM1 clump. An additional weak SiO component is located in
the center-west part of the cloud. The CH3OH emission is widespread over the full
IRDC.
Line center velocities, line widths, and intensity of the lines were determined by
fitting Gaussian profiles. Molecular lines that show hyperfine structures were fitted
using a multi-Gaussian function, with fixed frequency separation between hyperfine
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transitions. Gaussian fit parameters of molecular lines, in selected positions, are
shown in Table 3.2.
Multiple velocity components along a line of sight are not unusual in star-
forming regions. However, it is not easy to separate two velocity components with
a small offset of .2 km s−1 in massive star-forming regions. In general, these kind
of regions have line widths of 3-4 km s−1. Two close velocity components can be
separated only when the line emission have narrow profiles and both components are
not fully blended. This can be done in regions containing quiescent gas and using
high-density tracers. Following the discussion of Devine et al. (2011), the structures
defined by close velocity components will be refer as “subclouds”. HN13C J = 1→ 0
and C2H J = 1 → 0 show double-line profiles in the center-west part of the IRDC.
The double-line profiles are actually two close velocity components separated by ∼2
km s−1. Each individual component can be traced continuously from the overlapping
region of the subclouds, where the double-line profiles are seen, to regions where only
one of the components is observed. Two velocity components are also observed in
H13CO+, N2H
+, and CH3OH; however, because these molecules have broader line
emission, both components are blended. Figure 3.4 shows the HN13C center velocity
map of each component obtained by fitting Gaussian profiles to the spectra. The
map shows two spatially coherent structures. The blueshifted subcloud is mostly
located in the southern-central part of the IRDC and has an average central velocity
of 79.3 km s−1. The redshifted subcloud is mostly located in the northern-central
region of the IRDC and has an average central velocity of 80.7 km s−1. The velocity
difference between subclouds is therefore ∼1.4 km s−1, similar to those found in other
IRDCs, such as G019.30+0.07 or G035.39-00.33 (<2 km s−1; see Devine et al. 2011;
Henshaw et al. 2013). The massive MM1 clump is associated with the blueshifted
subcloud. NH2D emission is only detected in the blueshifted subcloud, while the
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narrow SiO component (described in the next paragraph) is only detected in the
redshifted subcloud. All other lines are detected in both substructures.
Figure 3.5 shows line width and center velocity maps of SiO across the full
IRDC and spectra of SiO and CH3OH toward selected positions. Because in several
positions over the IRDC the CH3OH transitions are blended, Gaussian fits can not be
performed for all methanol spectra and thus the line width and center velocity maps
are not useful. The line width map of the SiO line reveals the presence of two distinct
SiO components defined by having different line widths and being located in different
positions. The first SiO component has narrow line widths, ∼2 km s−1, and peaks
at the redshifted velocity component. It is also located in the center-west part of the
IRDC, at about the same position where the subclouds overlap (see right pannel in
Figure 3.5). The second SiO component has broader line widths, &6 km s−1, and is
located in the southern and northern regions of the IRDC. CH3OH emission is also
broad in the same positions where SiO displays broad line profiles. Figure 3.5 also
displays the SiO and CH3OH spectra at the center position of MM1. As expected
for quiescent molecular gas (Martin-Pintado et al. 1992; Requena-Torres et al. 2007),
the SiO emission is not detected at this position. The CH3OH JK = 2−1 → 1−1 E and
JK = 20 → 10 A transitions (Eu/k of 12.6 and 7.0 K, respectively) are bright and are
not blended. The higher-excitation CH3OH JK = 20 → 10 E transition (Eu/k = 20.1
K) is barely detected at 3σ level.
Figure 3.6 shows all lines at the peak position of NH2D (MM1). CH3OH is the
brightest line at this position. The NH2D, C2H, HN
13C, and H13CO+ lines show
narrow profiles. SiO emission is not detected. Because the three N2H
+ transitions
have intensity ratios no significantly different from unity, the optical depth for N2H
+
J = 1→ 0 must be large, with the usually weakest J = 1− 0, F1 = 0− 1, F = 1− 2
transition having the lower optical depth. HCO+ and HNC show only faint emission
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Fig. 3.4 Top left: HN13C J = 1 → 0 central velocity map of the blueshifted subcloud (average
central velocity of 79.3 km s−1). Top right: HN13C J = 1→ 0 center velocity map of the redshifted
subcloud (average central velocity of 80.7 km s−1). Black contours correspond to the 1.2 mm
continuum emission from the IRAM 30 m telescope. Bottom: HN13C J = 1→ 0 spectra in selected
positions. Dashed blue and red lines show the average center velocity of the subclouds. Both spectra
in the bottom show the same position in the cloud where the subclouds overlap.
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Fig. 3.5 Top left: line width velocity map of SiO J = 2 → 1. Top right: center velocity map
of SiO J = 2 → 1. Black contours correspond to the 1.2 mm continuum emission from the IRAM
30 m telescope. Bottom: spectra of SiO (left) and CH3OH (right) in selected positions. In MM1,
there is no SiO J = 2 → 1 emission and CH3OH J = 2 → 1 shows narrow gaussian profiles. In
the northern and southern regions of the IRDC, SiO J = 2→ 1 and CH3OH J = 2→ 1 lines have
broad line widths (&6 km s−1). In the center-west part of the IRDC, SiO J = 2 → 1 lines show
narrow (∼2 km s−1) and weak profiles.
78
     
0.0
0.2
0.4
0.6
0.8
1.0
1.2
CH3OH (2-1)
2
-1-1-1 E
20-10 A
20-10 E
    
 
 
 
 
 
 
 
N2H+ (1-0)
101-012
123-012
101-012
    
 
 
 
 
 
 
 
H13CO+ (1-0)
     
0.0
0.1
0.2
0.3
0.4
0.5
0.6
HN13C (1-0)
    
 
 
 
 
 
 
 
NH2D (1-1)
    
 
 
 
 
 
 
 
C2H (1-0)
40 60 80 100 120
0.0
0.1
0.2
0.3
0.4
0.5
0.6
SiO (2-1)
60 80 100 120
 
 
 
 
 
 
 
HCO+ (1-0)
60 80 100 120
 
 
 
 
 
 
 
HNC (1-0)
Velocity (km s-1) Velocity (km s-1) Velocity (km s-1)
T m
b 
(K
)
T m
b 
(K
)
T m
b 
(K
)
Fig. 3.6 Spectra of all nine molecular lines at the peak position of NH2D
(MM1). Two CH3OH transitions show the brightest emission. The N2H
+
J = 1− 0, F1 = 2− 1, F = 3− 2 and J = 1− 0, F1 = 1− 1, F = 2− 2 transitions
are saturated and the usually weakest J = 1− 0, F1 = 0− 1, F = 1− 2 seems to be
the brightest line. SiO is not detected at this position.
in MM1. Both HCO+ and HNC show profiles with absorption features that prevent
their use in calculating physical parameters and make their interpretation difficult.
3.5 Discussion
3.5.1 Dust temperature, H2 column density, and mass determination
Taking advantage of the new Herschel Hi-GAL Survey (Molinari et al. 2010),
a better estimate of the dust temperature for MM1 is made by using the emission
detected at 250, 350, and 500 µm, and the 1.2 mm emission from the IRAM 30 m
(Rathborne et al. 2006). The 70 and 160 µm emission maps were excluded from the
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analysis. At 70 µm the IRDC is seen in absorption and at 160 µm the emission from
the IRDC is indistinguishable from the background/foreground emission.
After convolving the 250 µm, 350 µm, and 1.2 mm maps to the angular reso-
lution of the 500 µm map (35.1′′), an extended component from the Herschel maps
that represents the contribution from the extended, slowly varying background and
foreground emission is subtracted. At the peak position of MM1, the measured fluxes
after this subtraction were fit by using a single temperature emission model, assuming
optically thin emission and dust opacities (κν) for dust grains with thin ice mantles
coagulated at 105 cm−3 from Ossenkopf & Henning (1994). A detailed description of
the extended emission subtraction algorithm and the fitting procedure can be found
in Guzma´n et al. (2014, in prep). Using the measured fluxes at 250 µm (150.0 MJy
ster−1), 350 µm (610.8 MJy ster−1), 500 µm (313.9 MJy ster−1), and 1.2 mm (19.5
MJy ster−1), a dust temperature (Tdust) of 12 ± 2 K was determined. The main
difference with the temperature of 22 K determined by Rathborne et al. (2010) is
that they use a low value for the dust emissivity index (β=1) and use the potentially
optically thick Spitzer 85 and 95 µm emission in fitting the spectral energy distri-
bution. The new dust temperature is more consistent with the CH3OH temperature
determined by using the rotational diagram technique in Section 3.5.2 (12 K) and
the NH3 gas temperature (8 K) recently determined by Chira et al. (2013).
To calculate the H2 column density and mass from the 1.2 mm continuum, the
same procedure of Rathborne et al. (2006) was used, assuming a gas-to-dust mass
ratio of 100 and adopting for the dust opacity (κ1.2 mm) a value of 1.0 cm
2 g−1.
Computed column densities at a given position are shown in Table 3.3. For the
mass, the same integrated flux measured by Rathborne et al. (2010) (1.63 Jy) was
used. The new mass estimate for the clump MM1 is 1500 M.
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Table 3.3. Derived Parameters in Selected Positions
Molecule NMolecule NH2 Molecular Position
(cm−2) (cm−2) Abundance
NH2D 5.2(2.0) × 1013 3.9(1.4) × 1022 1.3(0.7) × 10−9 MM1
HCO+ 4.5(0.6) × 1013 3.9(1.4) × 1022 1.2(0.5) × 10−9 MM1
HNC 5.7(0.9) × 1013 3.9(1.4) × 1022 1.5(0.6) × 10−9 MM1
C2H 1.6(0.4) × 1013 3.9(1.4) × 1022 4.1(1.8) × 10−10 MM1
N2H+ 1.7(0.2) × 1013 3.9(1.4) × 1022 4.3(1.6) × 10−10 MM1
CH3OH 1.1(0.1) × 1014 3.9(1.4) × 1022 2.7(1.0) × 10−9 MM1
SiO 6.7(1.6) × 1011 1.6(0.5) × 1022 4.3(1.8) × 10−11 Center-West
6.8(0.6) × 1012 1.8(0.7) × 1021 3.8(1.4) × 10−9 South
8.1(1.2) × 1012 1.1(0.4) × 1022 7.5(2.7) × 10−10 North
3.5.2 Molecular column densities and abundances
Assuming local thermodynamic equilibrium (LTE) conditions, beam-averaged
column densities of SiO, H13CO+, HN13C, C2H, and N2H
+ were calculated using the
description of Section 2.5.1. All lines listed above are assumed to be optically thin.
However, as seen in Figure 3.6, the N2H
+ emission is clearly optically thick. The
N2H
+ column density should thus be treated as lower limit. HCO+ and HNC column
densities are calculated from H13CO+ and HN13C, adopting a [12C/13C] isotopic
abundance ratio of 50 (Savage et al. 2002). Under LTE conditions, the excitation
temperature (Tex) is assumed to be equal to the dust temperature determined in
Section 3.5.1 (12 K).
For NH2D, the optical depth of the main hyperfine component (τm) was cal-
culated from the ratio between the observed main beam brightness temperatures of
the main component (Tmbm) and the brightest satellite (Tmbs), using the following
relation
1− e− 13 τm
1− e−τm =
Tmbs
Tmbm
, (3.1)
where the opacity ratio (r) between the main (τm) and satellite (τs) lines is
r=τm/τs=3. An optical depth of 0.7 is obtained for the main hyperfine component.
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Using equation 2.1, the NH2D column density was calculated. For NH2D, the
partition function (Qrot) and relative intensity (R) are Qrot = 3.899+ 0.751T
3/2
ex and
R = 1/2 (Busquet et al. 2010). The values of gu, Aul, and El are given in Table 3.4.
The beam-averaged column density is obtained by multiplying N by the filling factor,
f . The filling factor can be found from Equation 2.3. The derived NH2D column
density and filling factor are 6.2×1014 cm−2 and 0.08, resulting in a beam-averaged
column density of 5.2×1013 cm−2 in MM1.
The CH3OH column density (N) was obtained by using the rotational diagram
technique in the most general form (e.g., Girart et al. 2002). Assuming that all
rotational levels are populated with the same excitation temperature (LTE):
log I = log
fN
Qrot
− Eu
T
log e− logCT − logFT , (3.2)
with Qrot = 1.2327T
3/2 (the rotational partition function for CH3OH) and I equal
to
I =
3k
∫
Tmbdv
8pi3gKgISµ2ν
, (3.3)
where gK and gI are the K−level and nuclear spin degeneracies, µ is the electric
dipole moment of the molecule, and S is the line strength. CT and FT are defined as
CT =
τ
1− e−τ and FT =
J(Tex)
J(Tex)− J(Tbg) . (3.4)
The optical depth of the line is given by
τ =
8pi3gKgIµ
2Sν
3h
N
Qrot∆v
(ehν/kT − 1)e−Eu/kT , (3.5)
where Eu is the energy of the upper state and ∆v is the line width. Values for gK ,
gI , and µ
2S are given in Table 3.4.
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Table 3.4. Parameters used for NH2D and CH3OH Column Density Calculations
Molecule Transition gu gK gI Aul El/k µ
2S
(×10−6 s−1) (K) (D2)
NH2D JKa,Kc = 11,1 − 10,1 15 . . . . . . 5.8637 16.55 . . .
CH3OH JK = 2−1 → 1−1 E . . . 2 1 . . . . . . 1.2134
JK = 20 → 10 A . . . 1 2 . . . . . . 1.6170
JK = 20 → 10 E . . . 2 1 . . . . . . 1.6166
Equation (3.2) is frequently used without the CT and FT terms, assuming
that τ  1 and Tex  Tbg. However, in the cold clump MM1 these assump-
tions may not be valid. An additional condition for cold gas is that the CH3OH
E/A abundance ratio is expected to be 0.69 at low temperatures (∼10 K). This
is because the ground state of E-methanol is 7.9 K above the ground state of A-
methanol, which results in a higher abundance of A-methanol at low temperatures
(Friberg et al. 1988; Wirstro¨m et al. 2011). Thus, the integrated intensity of the tran-
sition JK = 20 → 10 A was multiplied by 0.69. Assuming that f (the filling factor)
equals 1.0, the remaining free parameters in Equation (3.2) are the beam-averaged
column density and the rotational temperature of CH3OH. By fitting the calculated
integrated intensities, from Equation (3.2), to the observed integrated intensities of
the three different methanol transitions, the best solution for the beam-averaged col-
umn density and the rotational temperature can be found. The fitting procedure
was carried out in IDL using the MPFITFUN package (Markwardt 2009). At the
peak position of MM1, the obtained beam-averaged column density and rotational
temperature are 1.1 × 1014 cm−2 and 12 K, respectively.
To estimate the molecular abundances with respect to H2, the ratio of the
column density of a given molecule to the H2 column density derived from the 1.2 mm
dust continuum emission is calculated. The 1.2 mm continuum is used for deriving
83
the H2 column density, rather the 3.3 mm continuum, because the emission is more
extended, more closely matches the spatial extent of the molecular line emission, and
is detected in the regions of interest (for example, where SiO is detected). Column
densities and abundances for all molecules were calculated for the peak positions
of NH2D (the center of the MM1 clump). Additional SiO column densities and
abundances were calculated for the positions marked in Figure 3.5 (“North,” “Center-
west,” and “South”). All calculated column densities and abundances with their
respective uncertainties are summarized in Table 3.3.
3.5.3 The puzzling SiO and CH3OH emission
SiO and CH3OH emission are usually associated with regions of active star for-
mation. Thus, their presence in IRDC G028.23-00.19 may indicate that the cloud as
a whole, or specific regions in the cloud, may currently be undergoing star formation.
In this section, it will be discussed if the detected SiO and CH3OH emission reveals
embedded star formation and if so, the location of the star-forming regions within
the IRDC.
SiO emission
SiO is heavily depleted onto dust grains in quiescent regions while it is enhanced
in active regions with shocked gas (Martin-Pintado et al. 1992; Schilke et al. 1997;
Caselli et al. 1997). The sputtering and/or grain destruction by shock waves injects
Si atoms into the surrounding gas. These newly released Si atoms are rapidly ox-
idized into SiO and/or Si-bearing molecules that subsequently form SiO molecules
in the gas phase. In the quiescent gas of dark clouds (in low-mass star-forming
regions) the SiO abundance has an upper limit of 10−12 (e.g., Jime´nez-Serra et al.
2005; Requena-Torres et al. 2007), as expected if the ambient gas has not been sig-
nificantly affected by ejection of material from dust grains. On the other hand, in
84
regions with active star formation that have molecular outflows, the SiO abundance
in the high-velocity gas can be up to 106 times higher than in the quiescent gas (e.g.,
in L1448, Martin-Pintado et al. 1992). The large variations of SiO abundances make
this molecule a powerful tracer of shocks. In IRDCs, SiO abundances range from 0.1-
1 × 10−9 (see Chapter 2 and Vasyunina et al. 2011). Because IRDC G028.23-00.19
appears to lack embedded IR sources that can drive molecular outflows and produce
shocks, the detection of SiO is highly unexpected.
The SiO emission in IRDC G028.23-00.19 comprises two different components
with different kinematics and spatial distribution. This suggests that the shocks
responsible for releasing SiO and/or Si-bearing species to the gas phase may have
two different origins. The SiO component with broad line widths, located in the
southern and northern regions of the IRDC, could be produced by molecular outflows
of intermediate-mass protostars or clusters of low-mass protostars, while the SiO
component with narrow line widths, located in center-west part of the IRDC, could
be produced by the collision of the subclouds or by the outflows of a few low-mass
protostars. In the following paragraphs, the idea of SiO having different origin in
different regions of the IRDC is discussed.
In the southern and northern regions, line widths are &6 km s−1, which are
typical values found towards molecular outflows in star-forming regions. Both SiO
components with broad line widths show no evident wing emission that could allow
the identification of blueshifted and redshifted lobes. The molecular outflows, if
present, could be closely oriented along or across the line of sight, or the presence
of multiple unresolved outflows can also make the identification of wings difficult.
In the southern region, the SiO abundance in the peak position is 3.8×10−9. This
value is typical for regions with molecular outflows (e.g., Jime´nez-Serra et al. 2010;
Su et al. 2007). In the northern region, the SiO abundance is 7.5×10−10. This value
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is at the low end of abundances found in molecular outflows toward IRDCs (e.g.,
Jime´nez-Serra et al. 2010). Thus, there is evidence supporting the idea that the
SiO component with broad line widths could be produced by molecular outflows.
However, although the SiO emission in the northern region is associated with a weak
1.2 mm peak, the SiO emission in the southern region is not associated with any
core/clump detected in the mm emission. As determined by fitting the SED using
Herschel observations, the bolometric luminosity encompassing the northern and
southern SiO region are ∼300-500 L (A. Guzma´n, private communication). Due
to the low bolometric luminosities, it is ruled out that the SiO emission in these
regions is being produced by molecular outflows from a deeply embedded high-mass
protostar. Based on the values of the line widths, abundances, and luminosities, the
shocks releasing SiO into the gas phase may be produced by molecular outflows of
deeply embedded intermediate-mass protostars or clusters of low-mass protostars.
In the center-west region of the IRDC, SiO line widths are significantly lower
(∼2 km s−1) and comparable to other quiescent gas tracers like HN13C, C2H, and
H13CO+. This SiO component with narrow line widths shows no detectable line wing
emission. Not only that, the SiO abundance (4.3×10−11) is low and only a factor of 10
more abundant than the upper limits measured in the quiescent gas of molecular dark
clouds (Requena-Torres et al. 2007). These characteristics suggest that molecular
outflows from intermediate-to-high mass protostars may not be causing the shocks
releasing SiO to the gas phase. The shocks that release this small amount of SiO
into the gas phase toward the center-west region are likely generated by low-velocity
shocks (Jime´nez-Serra et al. 2008, 2010). As discussed below, these shocks may be
caused by either the interaction of the subclouds or a few low-mass protostars.
The SiO component with narrow line widths is remarkably coincident with
the subcloud-subcloud interface (see right pannel in Figure 3.5). As reported by
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Jime´nez-Serra et al. (2010), velocities slightly larger than 10 km s−1 are required to
sputter SiO from the mantles of dust grains in low-velocity C-shocks. Assuming 1D
velocity of 1.4 km s−1 in each direction, the velocity threshold of 10 km s−1 is above
the 3D relative velocity between subclouds (∼2.4 km s−1). The tangential velocity
component needed to have a 3D relative velocity of 10 km s−1 would be 9.9 km s−1.
An alternative mechanism for the production of narrow SiO in IRDC G028.23-00.19
would be icy mantle vaporization by grain-grain collisions similar to what has been
proposed for the IRDC G035.39-00.33 (Caselli et al. 1997; Henshaw et al. 2013). As
noted by these authors, ice mantle mixtures of H2O:CO have significantly smaller
binding energies than pure water ices (by a factor of 5; O¨berg et al. 2005), and
therefore require smaller vaporization threshold velocities (i.e., 2.2 km s−1, compared
to 6.5 km s−1 for pure water ice; see Tielens et al. 1994). The narrow SiO emission
detected toward the overlapping region between subclouds could thus be produced
by the vaporization of icy mantles in grain-grain collisions. Therefore, the narrow
SiO emission would not be associated with star formation activity, instead, it would
be a signature of a subcloud-subcloud collision. It is noted, however, that the narrow
SiO component arises only from gas at the velocity corresponding to that one of the
redshifted subcloud, although this could be a sensitivity effect.
Alternatively, the SiO component with narrow line widths could be also pro-
duced by an unresolved population of a few low-mass protostars. In this scenario,
due to the distance of the IRDC, beam dilution would prevent the detection of SiO
wing emission produced by molecular outflows of the low-mass protostars. To in-
vestigate this scenario, the SiO emission of a low-mass star-forming region located
in NGC 1333 (350 pc) was scaled to the distance of the IRDC G028.23-00.19 (5.1
kpc). Using 1.2 mm continuum emission, Lefloch et al. (1998a) observed the complex
SVS13 and IRAS4A-B, located in NGC 1333, determining a total mass of 12.6 M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for the three low-mass cores. The angular size of the complex SVS13 and IRAS4A-B
at the distance of the IRDC is about the same size of the CARMA synthesized beam
(∼11′′). Lefloch et al. (1998b) observed the same region in SiO J = 2 → 1. Scaling
the SiO emission to the distance of the IRDC, 1.4 times the emission from a low-mass
star-forming region like the SVS13 and IRAS4A-B complex could account for the SiO
emission with narrow line widths obtained in one CARMA synthesized beam. Thus,
the origin of the SiO emission with narrow line widths could be also explained by an
unresolved population of a few low-mass protostars.
Although higher angular resolution interferometric observations are needed to
clearly establish the origin of the SiO emission, the component with broad SiO line
widths and high SiO abundances is consistent with molecular outflows from as-of-
yet-undetected intermediate-mass protostars or clusters of low-mass protostars. On
the other hand, the component with narrow SiO line widths and low SiO abundances
is consistent with both subcloud-subcloud collision or an unresolved population of a
few low-mass protostars.
CH3OH emission
Currently, the favored formation path of CH3OH is primarily through successive
hydrogenation of CO on grain mantles (Watanabe & Kouchi 2002; Fuchs et al. 2009).
In dark clouds, purely gas-phase reactions produce negligible CH3OH abundances
(.10−14; Garrod et al. 2006). Methanol is predominantly formed on grain surfaces
and then, in more evolved regions, it is released into the gas phase mostly by heating
from protostars or sputtering of the grain mantles produced by molecular outflows.
The study of van der Tak et al. (2000) found three types of CH3OH abundances in
massive star-forming regions: ∼10−9 for the coldest sources, between 10−9 and 10−7
for warmer sources, and ∼10−7 for hot cores. Methanol has also been observed
in IRDCs that show signs of star formation (e.g., Sanhueza et al. 2010; Sakai et al.
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2010, 2008; Go´mez et al. 2011). Because no embedded IR sources, which indicate
the presence of embedded stars or protostars that can locally heat the surrounding
regions or drive molecular outflows, have been detected toward IRDC G028.23-00.19,
the detection of CH3OH is highly unexpected. This is the first detection of extended
methanol emission in a massive starless clump, although it has been previously de-
tected in low-mass starless cores (e.g., in TMC-1 and L134N; Friberg et al. 1988;
Dickens et al. 2000).
As in the case of SiO, CH3OH emission also presents two different components
with different kinematics and spatial distributions. This suggests that there may be
two different mechanisms releasing methanol to the gas phase. The CH3OH emission
with broad line widths, co-located with the SiO emission with broad line widths,
could be produced by molecular outflows. The CH3OH emission with narrow line
widths, located in the center region of the IRDC (including MM1 and the SiO re-
gion with narrow line widths), could be produced by a non-thermal mechanism (e.g.,
cosmic ray, UV-photons), other than shocks. The notion that thermal evaporation
of methanol can occur anywhere in IRDC G028.23-00.19 is discarded based on the
non-detection of embedded IR sources that could heat the environment. CH3OH
evaporates at higher temperatures (∼80-100 K, Brown & Bolina 2007; Green et al.
2009) than those measured in this IRDC. Although a protostar could exist deeply em-
bedded in the cloud and be undetected in the current IR observations, the methanol
emission is widespread and the effective heating area of such a protostar would be
too small to account for the spatial extension of the CH3OH emission.
In the southern and northern regions of the IRDC, where both CH3OH and SiO
have broad lines, CH3OH line widths are &4 km s
−1. Because the methanol tran-
sitions are blended, line fitting and the rotational diagram technique to determine
column densities cannot be performed. In these regions, based on the comparison
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of the integrated intensities and apparently larger optical depths, the CH3OH abun-
dances should be higher than the value at the peak position of MM1, 2.7 × 10−9
(the molecular abundance is proportional to the integrated intensity and the optical
depth). Large line widths and abundances may indicate that in the southern and
northern regions of the IRDC, CH3OH has been released to the gas phase by outflow
activity as, for example, is occurring in IRDC G11.11-0.12 (Go´mez et al. 2011).
On the other hand, the methanol emission that emanates from the center of the
IRDC can not be explained by molecular outflows. The line widths are ∼2 km s−1,
typical of regions without outflow activity. The methanol abundance of 2.7 × 10−9
is about 1-2 orders of magnitude lower than that observed in massive star-forming
regions with molecular outflows and 1 order of magnitude lower than that produced
by low velocity shocks (Jime´nez-Serra et al. 2005). From all the non-thermal mech-
anisms (e.g., cosmic rays, UV photons) that could explain the observed methanol
abundances in the central region of IRDC G028.23-00.19, the exothermicity of sur-
face addition reactions is likely the process that best reproduces the observed abun-
dances. In this mechanism, introduced by Garrod et al. (2006) and further investi-
gated by Garrod et al. (2007), the chemical energy released from the grain-surface
addition reactions is able to break the methanol-surface bound, yielding methanol
abundances of 3-4 × 10−9, similar to those measured toward the massive, quiescent
clump MM1. The high extinction found toward IRDC G028.23-00.19, and the lack
of internal heating sources, makes the non-thermal UV photo-desorption of CH3OH
unlikely. Cosmic ray-induced desorption, a physical mechanism frequently used in
dark cloud models (e.g., Hasegawa & Herbst 1993), cannot reproduce the measured
methanol abundances in IRDC G028.23-00.19 either, because the new cosmic ray-
induced desorption rate for methanol is negligible (Collings et al. 2004; Garrod et al.
2007). Therefore, the observations of IRDC G028.23-00.19 show for the first time
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that the exothermicity of surface addition reactions can also explain the observed
methanol abundances of a massive, IR-quiescent clump.
3.5.4 NH2D and C2H: cold gas tracers
NH2D emission
Deuterated molecules are highly enhanced in the cold gas of prestellar cores and
clumps, with respect to the local interstellar D/H value of 2.3 × 10−5 (Linsky et al.
2006). Enhancements of the NH2D/NH3 abundance ratio as high as 0.7 (Pillai et al.
2007) and 0.8 (Busquet et al. 2010) have been measured in high-mass prestellar
cores and clumps. In cold gas, the deuterium enrichment is primarily initiated by
the reaction H+3 +HD ⇐⇒ H2D++H2+∆E, which is exothermic by ∆E/k = 230
K (Millar et al. 1989). At the typical temperatures of prestellar cores (.20 K),
the reverse reaction becomes negligible and the H2D
+/H+3 abundance ratio (and
other molecular D/H ratios) is larger than the interstellar D/H. H2D
+ is the parent
molecule of, for example, NH2D, N2D
+, and DCO+. As a result, an increase of the
abundance of H2D
+ will produce and enhancement of the deuterium fractionation
in NH3, N2H
+, and HCO+. The degree of deuteration is even higher when CO (the
main destroyer of H+3 and H2D
+) is removed from the gas phase (e.g., Chen et al.
2011; Crapsi et al. 2005).
Among all the observed molecules in this work, NH2D has the narrowest profile
with a line width of only 1.3 km s−1 at the peak position. The NH2D abundance of
1.3 × 10−9 is high and comparable to the usually more abundant HCO+ and HNC,
and suggests that the deuterated fraction is high. However, without NH3 observations
the exact value of the deuterated fraction cannot be determined. Because NH2D
emission is confined to the central part of the clump MM1 (see Figure 3.3), this
region is probably the coldest and densest part of the IRDC.
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C2H emission
C2H has been known to be a PDR tracer (e.g., Fuente et al. 1993). However,
Beuther et al. (2008) suggest that this molecule could also probe the cold gas associ-
ated with the initial conditions of high-mass star formation. Figure 2.7, in Chapter
2, shows that C2H is detected in ∼30% of the quiescent clumps. Mapping the C2H
distribution at high angular resolution may help to clarify if the C2H emission comes
from the external photodissociated layers of clumps or if the C2H emission comes
from the dense, cold gas inside IR quiescent clumps.
As can be seen in Figure 3.3, the spatial distribution of the C2H emission resem-
bles that of NH2D. In IRDC G028.23-00.19, the C2H emission comes from the central
and coldest part of the cloud, and not from the external layers of the IRDC. C2H
and NH2D molecules have their peak emission in the same place and their spatial
extents are similar (although C2H extends slightly further out of the clump MM1).
Because the C2H emission has a similar spatial distribution as the NH2D emission,
i.e., the center of MM1, it is highly likely that C2H is also tracing dense, cold gas in
IRDC G028.23-00.19.
3.5.5 HCO+, H13CO+, HNC, HN13C, and N2H
+
HCO+ and HNC abundances are estimated using their isotopologues (H13CO+
and HN13C). The HCO+ abundance of 1.2 × 10−9 and HNC abundance of 1.5 × 10−9
are consistent, within the uncertainties, with the values determined in Chapter 2 for
IRDC G028.23-00.19 MM1, using 12 K in both calculations.
The relative intensities of the three hyperfine transitions of N2H
+ J = 1 → 0
are 1:3:5, with the brightest line in the center (J = 1− 0, F1 = 2− 1, F = 3− 2).
However, toward the peak position of IRDC G028.23-00.19 (see Figure 3.6), the
three transitions show no intensity ratios significantly different from unity. This
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peculiar intensity ratio suggests a very high optical depth for N2H
+. Thus, the
N2H
+ abundance of 4.3 × 10−10 is a lower limit.
3.5.6 The role of the subclouds
Because line widths in IRDCs are narrower than those in molecular clouds with
copious star formation, IRDCs are excellent laboratories to study large sub-structures
inside molecular clouds, such as subclouds or filaments. Jime´nez-Serra et al. (2010)
and Devine et al. (2011) also find close velocity components of .2 km s−1 in two
different IRDCs. Jime´nez-Serra et al. (2010) find three subclouds in IRDC G035.39-
00.33 using IRAM single-dish observations of C18O. They find a widespread narrow
SiO emission in this IRDC that could have been produced by the interaction of
the subclouds. In another IRDC, G019.30+00.07, Devine et al. (2011) find three
subclouds using VLA observations of NH3 and CCS. They find that NH3 and CCS
trace different part of the subclouds: NH3 peaks in the densest regions and CCS
peaks in the subcloud-subcloud and outflow-subcloud interfaces. They suggest that
in these boundary regions the gas is chemically young due to collisions that release
molecules from dust grains to the gas phase, leading to the presence of early time
molecules like CCS.
The CARMA data reveals that IRDC G028.23-00.19 contains two subclouds.
Notably, the narrow SiO component is located in the region where both subclouds
overlap. Assuming that this SiO emission is produced by the collision of the sub-
clouds, this work adds new evidence in favor of the idea that the subclouds or fila-
ments recently found in IRDCs are interacting and are part of the same cloud, and
not just a superposition of clouds along the line of sight. Thus, it is not simply a
coincidence that IRDCs frequently show no evident signs of active star formation,
IRDCs may be in a very early stage in which the clouds are still being assembled. The
formation mechanism for IRDCs may require the interaction of subclouds. However,
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more detailed observations on a large sample of IRDCs would be needed to confirm
this hypothesis.
3.5.7 The “prestellar” nature of IRDC G028.23-00.19
Except for the bright unrelated OH/IR star superimposed against the northern
part of the cloud (Bowers & Knapp 1989), IRDC G028.23-00.19 is IR dark from
3.6 to 70 µm. The absence of embedded IR sources suggest that the whole IRDC
is in an early stage of evolution, without signs of active star formation. However,
the CARMA observations show broad SiO and CH3OH emission in the northern
and southern regions of the IRDC that may indicate molecular outflow activity and,
consequently, current star formation. In addition, one of the possible explanations
for the narrow SiO component in the center-west part of the IRDC is that the SiO
emission is produced for an unresolved population of low-mass protostars.
On the other hand, the central clump MM1 is quiescent. It is cold (12 K), it
lacks IR sources, cm continuum and SiO emission are not detected, molecular line
widths are narrow (.2 km s−1), and the NH2D abundance is high. The combination
of all these characteristics of MM1 indicates that this clump is still in a prestellar
stage. Although regions in the same IRDC may show signs of star formation, all the
observations are consistent with the massive clump MM1 being a pristine starless
clump. To determine whether MM1 will form stars in the future, the dust mass
(Mdust) and the virial mass (Mvir) are compared. In Section 3.5.1, a dust mass of
1500 M was estimated by using the 1.2 mm dust continuum emission. To determine
the virial mass, the prescription of MacLaren et al. (1988) is followed. The virial mass
of a clump with a uniform density profile, neglecting magnetic fields and external
pressure, is given by
Mvir = 210
(
R
[pc]
)(
∆V
[km s−1]
)2
M , (3.6)
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where R is the radius of the clump in pc and ∆V is the line width in km s−1.
Adopting the same size used to obtain Mdust, a radius of 0.6 pc, and an average
line width for MM1 of 1.9 km s−1 (from Table 3.2), a virial mass of ∼450 M is
obtained. Therefore, the virial parameter, α = Mvir/Mdust, is 0.3, indicating that
the clump MM1 is gravitationally bound and eventually, due to its large mass, will
form stars. To further investigate if the clump MM1 will form high-mass stars, the
results from Kauffmann & Pillai (2010) are used. They find an empirical high-mass
star formation threshold, based on clouds with and without high-mass star formation.
They suggest that IRDCs with masses larger than the mass limit given bymlim = 870
M (r/pc)
1.33 are forming high-mass stars or will likely form in the future. Applying
this relationship to MM1, its corresponding mass threshold is 440 M, well below
the measured mass of 1500 M. Thus, “the compactness” (Mdust/mlim) of MM1 is
3.5 and it is highly likely that the clump will form high-mass stars in the future.
3.6 Summary
IRDC G028.23-00.19 has been observed in several molecular species (NH2D,
H13CO+, SiO, HN13C, C2H, HCO
+, HNC, N2H
+, and CH3OH) and continuum emis-
sion at 3.3 mm using CARMA (11′′ angular resolution). This IRDC is dark at Spitzer
3.6, 4.5, 8.0, and 24 µm and Herschel 70 µm. In its center, the IRDC hosts one of
the most massive IR, quiescent clumps known (MM1).
Using the emission detected at 250, 350, and 500 µm with Herschel, and the 1.2
mm emission from the IRAM 30 m, a mass of 1500 M and a dust temperature of 12 K
are determined for the central clump in IRDC G028.23-00.19. The low temperature,
high NH2D abundance, low HCO
+ and HNC abundances, non-detection of SiO,
narrow line widths, and absence of embedded IR sources in MM1 indicate that the
clump still remains in a prestellar phase.
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Strong SiO components with broad line widths are detected in the northern
and southern regions of the IRDC. The large line widths (6-9 km s−1) and high
abundances (0.8-3.8 × 10−9) of SiO suggest that the mechanism releasing SiO from
the dust grains into the gas phase could be molecular outflows from undetected
intermediate-mass stars or clusters of low-mass stars deeply embedded in the IRDC.
However, in the southern region where the SiO abundance peaks, there is no associ-
ated counterpart in the continuum.
A weaker SiO component is detected in the center-west part of the IRDC. The
narrow line widths (∼2 km s−1) and low SiO abundances (4.3 × 10−11) are consistent
with either a “subcloud-subcloud” interaction or an unresolved population of a few
low-mass stars. Higher angular resolution observations are needed to clearly establish
the origin of the narrow SiO emission.
Widespread CH3OH emission is detected throughout the whole IRDC. This is
the first detection of extended methanol emission in a high-mass, prestellar clump.
Because IR observations show no luminous protostars embedded in the IRDC, ther-
mal evaporation of methanol from dust mantles as the production mechanism is
rejected. CH3OH emission with broad line widths support the idea of molecular
outflows in the southern and northern regions of the IRDC. The CH3OH emission
at the position of MM1 is rather narrow. The most likely mechanism able to re-
lease methanol from the dust grains to the gas phase in such a cold region is the
exothermicity of surface reactions (Garrod et al. 2006, 2007).
C2H has been suggested to be a PDR tracer. However, recent evidence suggests
it could also trace cold, dense gas associated with earlier stages of star formation.
Because the spatial distribution of C2H emission resembles that of NH2D, C2H seems
to trace cold, dense gas in this IRDC.
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HN13C reveals that the IRDC is composed of two substructures (“subclouds”)
separated by 1.4 km s−1. Remarkably, the subclouds overlap in the center-west region
of the IRDC, exactly coincident with the narrow SiO component. One explanation for
the narrow SiO component is that both subclouds may be interacting and producing
low velocity shocks that release small amounts of SiO to the gas phase. IRDCs
may be young molecular clouds that could still be in a stage where they are being
assembled.
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Chapter 4
Testing Models of High-Mass Star Formation in IRDC G028.23-00.19
4.1 Motivation
The two prevailing models of high-mass star formation have been very difficult
to test observationally. The key tests of the prevailing models require measurements
of the masses and dynamical states of the embedded cores at early evolutionary
stages. In Chapter 3, the prestellar phase of the massive clump in IRDC G028.23-
00.19 was confirmed, and thus it is an excellent candidate to test theoretical models
of high-mass star formation. Using high-angular resolution observations from SMA
and JVLA, the main goal of this chapter is to test and constrain models of high-mass
star formation.
4.2 Will the clump MM1 in IRDC G028.23-00.19 form High-Mass
Stars?
This is a very important point in the discussion of this chapter. As briefly
discussed in preceding Chapters, observational evidence strongly supports that IRDC
G028.23-00.19 has the potential to form high-mass stars. The supporting evidence
is presented in the following three points:
i) Based on the observed relation between the maximum stellar mass in a cluster
(mmax) and the total mass of the cluster, given by equation (2.19), the mass of the
most massive star that will be formed in a cluster-forming clump can be estimated.
Assuming a cluster star formation efficiency of 30% (Alves et al. 2007; Lada & Lada
2003), the clump MM1 in IRDC G028.23-00.19, which has a mass of 1500 M, should
form a stellar cluster of a total mass ∼450 M. Larson’s relationship then predicts
that this clump will form one high-mass star of ∼19 M.
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ii) Kauffmann & Pillai (2010) find an empirical high-mass star formation thresh-
old, based on clouds with and without high-mass star formation. They suggest that
IRDCs with masses larger than the mass limit given by mlim = 870 M (r/pc)
1.33
are forming high-mass stars or will likely form them in the future. Applying this
relationship to the clump MM1, its corresponding mass threshold is 440 M, well
below the measured mass of 1500 M. Thus, “the compactness” (Mdust/mlim) of
MM1 is 3.5 and it is highly likely that the clump will form high-mass stars.
iii) Additional evidence for future high-mass star formation comes from the
similarities between clumps that host high-mass star formation and the high-mass,
prestellar clump MM1. They have similar masses (few 1000 M), sizes (0.4-0.5
pc), and densities (104–105 cm−3) (Fau´ndez et al. 2004; Rathborne et al. 2010).
As expected for a cluster-forming clump in an early stage, the prestellar clump
MM1 is colder (12 K) in comparison with the active sources (median of 35 K) in
Rathborne et al. (2010).
Therefore, several pieces of evidence indicate that IRDC G028.23-00.19 will
almost certainly form high-mass stars in the future.
4.3 Tests of High-Mass Star-Formation Models
Two observational tests are used to assess the predictions made for the two
competing models of high-mass star formation: turbulent core accretion model and
competitive accretion model.
4.3.1 Test 1: Small-Scale Fragmentation of High-Mass, Prestellar
Clumps
The turbulent core accretion model (McKee & Tan 2003) invokes a high-mass
starless core that initially has the mass reservoir available to form one high-mass star
(or a close multiple-star system such as a binary). On the other hand, the premise
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of the competitive accretion model is that a high-mass, prestellar clump fragments
into multiple low-mass cores (Bonnell et al. 2004). The low-mass cores located at
the center of the cluster gradually accrete clump material, initially unbound to the
cores, to form high-mass stars.
Test number 1 will evaluate when the mass that forms high-mass stars is as-
sembled. If the mass is gathered in the prestellar stage and the mass of the core
determines the mass reservoir available to form the high-mass star (turbulent core
accretion), a massive core must exist in the prestellar phase and must be observ-
able. In contrast, if the mass is gathered during the star-formation process itself, i.e.,
the prestellar cores start with low-masses (∼MJeans) and acquire more mass as time
evolves (competitive accretion), then high-mass cores should not be observed in the
prestellar phase. Although observations of high-mass protostellar objects and “hot
cores” have shown high-mass cores, at these later evolutionary stages both models
predict their existence.
IRDC G028.23-00.19 hosts a pristine prestellar clump with the potential of
forming high-mass stars. This clump is an ideal place to look for small-scale frag-
mentation (cores). The determination of the fragment’s masses is key to test number
1. One of the most reliable tools to measure the cores’ masses is dust continuum
observation.
The mass of a core can be determined by using the following expression:
Mcore = R
FνD
2
κνBν(T )
, (4.1)
where Fν is the measured integrated source flux, R is the gas-to-dust mass ratio, D
is the distance to the source, κν is the dust opacity per gram of dust, and Bν is the
Planck function at the dust temperature T . A value of 0.9 cm2 g−1 is adopted for
κ1.3mm, which corresponds to the opacity of dust grains with thin ice mantles at gas
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densities of 106 cm−3 (Ossenkopf & Henning 1994). A gas-to-dust mass ratio of 100
was assumed in this thesis work.
4.3.2 Test 2: Dynamical State of Embedded Cores in High-Mass, Prestel-
lar Clumps
In the turbulent core accretion model (McKee & Tan 2003), molecular clumps
fragment into cores initially supported by non-thermal pressure. These turbulent
cores have high velocity dispersions that are considerably greater than the isothermal
sound speed.
The turbulent core accretion model posits that high-mass prestellar cores are
supported against collapse by turbulent random motions, leading to a virial param-
eter, α =Mvir/Mcore, of ∼1.
For test number 2, the virial mass will be evaluated according to the prescription
of MacLaren et al. (1988) (neglecting magnetic fields and external pressure):
Mvir = 3
(
5− 2n
3− n
)
Rσ2
G
, (4.2)
where R is the radius of the core, σ is the velocity dispersion along the line of sight,
G is the gravitational constant, and n is a constant whose exact value depends on the
density profile, ρ(r), as a function of the distance from the core center, ρ(r) ∝ r−n.
Equation 4.2 can be written in more useful units as:
Mvir = k
(
R
[pc]
)(
∆V
[km s−1]
)2
M , (4.3)
where the values of k depend on the density profile and ∆V is the line width. In
Table 4.1, values of k are listed for different density distributions (MacLaren et al.
1988). Assuming a uniform density profile, equation 3.6 is recovered. However, the
uniform density profile is unlikely and represents an upper limit for the virial mass.
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Table 4.1. Virial Theorem Coefficients
Density n k
Distribution
ρ = constant 0 210
ρ ∝ r−1 1 190
ρ ∝ r−1.8 1.8 147
ρ ∝ r−2 2 126
In fact, Garay et al. (2007) and Mueller et al. (2002) find, on average, a radial profile
index of 1.8 in high-mass star-forming regions. The same average value for the radial
profile index is also found on IRDC cores by Zhang et al. (2009). A density profile
with n = 1.8, resulting in k = 147, will be used in this thesis.
The virial parameter (α) can be determined by taking the ratio between equa-
tion 4.1 and equation 4.3:
α =
Mvir
Mcore
. (4.4)
4.4 Uncertainties in the Determination of Masses and Virial Parameters
There are several sources of uncertainty in the mass determination of star-
forming regions. This section discusses the uncertainties associated to the parameters
involved in the mass determination.
The difficulty of characterizing interstellar dust makes κν the least well-
characterized parameter for determining the core mass. In the literature, the models
of Ossenkopf & Henning (1994) are broadly used and have been favored in multi-
wavelength observations of star-forming regions (e.g., Shirley et al. 2011). The value
of κν used in this work (0.9 cm
2 g−1) corresponds to the so-called OH5 grain which
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is covered by a thin layer of ice mantle and coagulated at gas densities of 106 cm−3
(Ossenkopf & Henning 1994). The value of κν ranges from 0.7 to 1.05 if the values
for thick layers and densities of 105 and 107 cm−3 are used instead. Assuming that
the range of values is uniformly distributed between 0.7 and 1.05, the standard devi-
ation can be determined by taking the size of the range (0.35) divided by
√
12. The
value obtained is 0.1. Then, assuming 1-σ uncertainty, κν would be 0.9±0.1 (11%
of uncertainty). Shirley et al. (2011) constrain theoretical models of dust opacity at
450 and 850 µm. The OH5 model is one of three supported by the observations.
Shirley et al. (2011) determine several values for κ450µm and κ850µm . Assuming that
the range of values they obtain is uniformly distributed between the extreme val-
ues, the standard deviation is 1.8 (28% of κ450µm = 6.4 from the OH5 model) and
0.34 (19% of κ850µm = 1.8 from the OH5 model). To be conservative, overall, a 1-σ
uncertainty of 28% will be adopted for κν = 0.9 at 1.3 mm.
Another difficulty in determining the core mass is the conversion factor that
relates the dust with the gas mass. The value of the canonical gas-to-mass ratio
(R) widely used is 100. Depending on the grain size, shape, and composition, de-
terminations of the Galactic dust-to-gas mass ratio range between 70 and 150 (e.g.,
Devereux & Young 1990; Vuong et al. 2003). In this work, the canonical value of 100
will be adopted. Assuming that the range of R is uniformly distributed between 70
and 150, the standard deviation is 23. Thus, the 1-σ uncertainty for the gas-to-mass
ratio is 23 (23% of R=100).
The dust temperature and measured continuum flux have an uncertainty of 17%
(see Section 4.7.1) and 15% (see Section 4.5.1), respectively. The major source of
error in the kinematic distance method used in Section 2.4.3 is the assumption of
circular motions. Non-circular motions, e.g., due to shocks at spiral arms, streaming
motions in the Galactic bar, or random motions, will lead to velocity perturbations
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of about 5 km s−1. Using the rotation curve of Clemens (1985), IRDC G028.23-
00.19 is located at 5.1 kpc. Varying the velocity of G028.23-00.19 in ±5 km s−1, an
uncertainty in the distance of 10% is estimated. Another rotation curve, supported by
parallax distances to high-mass star-forming regions, places the IRDC at a distance
of 4.6 kpc (Reid et al. 2009). In this work, the rotation curve of Clemens (1985) will
be adopted; the distance derived by using the rotation curve of Reid et al. (2009)
agrees within the uncertainties.
Due to their poor characterization, κν and R add an “intrinsic” uncertainty of
32% to the mass determination of cores. Depending on how well the flux, distance,
and temperature of the sources are determined, the uncertainty in the mass can get
even higher than a factor 2. Because the SMA cores are observed with the same
instrument, are at the same distance, and have the same temperature, all the SMA
cores have the same mass uncertainty of 49%. Due to the lower dependence on
distance, the uncertainty for the volume density is 47%.
The uncertainty in the NH3 line widths, and their effects on the virial mass
and the virial parameter, will be different for each core. On average, line widths,
virial masses, and virial parameters have 30%, 60%, and 75% uncertainties. The
uncertainties for each individual core will be quoted later in the chapter.
4.5 Observations
Observations were carried out with the Submillimeter Array (SMA), an in-
tereferometer consisting of eight 6-m diameter antennas, and the Karl G. Jansky
Very Large Array (hereafter JVLA), consisting of 27 antennas of diameter 25 m.
4.5.1 Submillimeter Array Observations
SMA 1.3 mm observations were taken during April 2012 and July 2013 in the
compact configuration. The projected baselines range from 10 to 69 m. The IRDC
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was completely mapped by combining images in a mosaic from 5 separate positions,
using the same correlator setup which covers 4 GHz in each of the lower and upper
sidebands. Using natural weighting, the 1σ rms noise is 0.75 mJy beam−1 for the
continuum emission.
The system temperature typically varied from 150 to 220 K during the obser-
vations. At the center frequency of 224.6975 GHz (1.3 mm), the primary beam or
field of view of SMA is 56′′. These SMA observations are sensitive to structure with
angular scales smaller than ∼30′′. The final synthesized beam has a size of 4.′′1×3.′′0
with a P.A. of -25◦. The geometric mean of the major and minor axis is 3.′′5, which
corresponds to a physical size of ∼0.09 pc (∼18,000 AU) at a distance of 5.1 kpc.
The data from different tracks were calibrated separately using the IDL-based
MIR package and exported to CASA to be combined in the visibility domain for
imaging. Typical SMA observations may be subject to up to 15% of uncertainty in
absolute flux scales. The continuum emission was produced by averaging the line-free
channels in visibility space. The quasar J1743-038 was periodically observed for phase
calibration. The quasars J2202+422 (BL Lac) and J0319+415 (3C84) were used for
bandpass calibration. Uranus and the bright radio continuum star MWC349A were
used for flux calibration.
4.5.2 JVLA Observations
The JVLA observations consisted of two pointings at K-band (λ 1.3 cm) covering
the whole IRDC, taken in February 2012 in C configuration. The projected baselines
range from 50 to 3,400 m. NH3 (1,1) at 23.6944955 GHz and NH3 (2,2) at 23.7226336
GHz were simultaneously observed with a spectral resolution of 0.4 km s−1 (31.25
kHz) in dual polarization mode. At these frequencies, the primary beam or field of
view of JVLA is 1.′9. These observations are sensitive to angular scales smaller than
∼1′.
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The data were calibrated and imaged using the CASA 4.2 software package. In
order to improve the S/N ratio, a Gaussian filter “outertaper” of 1.′′6 was applied
during the clean deconvolution, obtaining twice the original synthesized beam. Us-
ing natural weighting, the synthesized beam was 2.′′3×2.′′0 with a P.A.=32◦ for both
NH3 lines, while the 1σ rms noise was 0.78 mJy beam
−1 per channel for NH3 (1,1)
and 0.75 mJy beam−1 per channel for NH3 (2,2). The convertion factor between
mJy beam−1 to brightness temperature in K is 0.47 (1 mJy beam−1 = 0.47 K). The
geometric mean of the major and minor axis is 2.′′1, which corresponds to a physical
size of ∼0.05 pc (∼11,000 AU) at a distance of 5.1 kpc.
The bandpass and flux calibrations were performed by using observations of
the quasar J1331+305 (3C286). The phase calibration was done by periodically
observing the quasar J1851+0035.
4.6 Results
4.6.1 Dust Continuum Emission
Figure 4.1 shows the 1.3 mm dust continuum emission from SMA (∼3.′′5 angu-
lar resolution) in gray scale and red contours. White countours correspond to the
1.2 mm dust continuum emission from the single-dish IRAM telescope (11′′ angular
resolution). In the whole cloud, five SMA cores are detected above 5σ. This thresh-
old was used because the sidelobe pattern produces negative artifacts with absolute
values as large as 4σ, suggesting that some of the positive detections at 3σ and
4σ may also be side lobes instead of real sources. The cores are named as SMA1,
SMA2, SMA3, SMA4, and SMA5 in order of decreasing peak flux (see Figure 4.1 and
Table 4.2). Except for SMA4, all cores were fitted by 2-D Gaussians in the CASA
software package. The fitted parameters are listed in Table 4.2. The deconvolved size
was used to determine the physical size of the cores. No 2-D Gaussian fit succeeded
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Table 4.2. SMA Core Parameters
Core Position Peak Flux Integrated Flux Angular Size Deconvolved Size
Name α(J2000) δ(J2000) (mJy beam−1) (mJy) (′′×′′) (′′×′′)
SMA1 18:43:30.81 -04.13.19.7 6.90 10.4 4.9 × 3.8 2.8 × 2.2
SMA2 18:43:28.56 -04.12.17.6 5.59 6.90 4.5 × 3.4 2.4 × 1.4
SMA3 18:43:32.35 -04.13.34.3 4.77 6.38 4.7 × 2.1 2.1 × 1.4
SMA4 18:43:31.31 -04.13.16.4 4.17 8.00 - -
SMA5 18:43:30.64 -04.13.33.2 4.12 5.89 5.0 × 3.5 3.1 × 1.5
Note. — No 2-D Gaussian fit was reliable for SMA4. In order to estimate its total flux, the flux inside the
countour defined at 4σ was integrated.
for SMA4. The flux inside the countour defined at the 4σ level was used to estimate
its integrated flux. The beam size was used to determine the physical size of SMA4.
The parameters for SMA4 should be treated with caution because the data suggest
this core could be composed of a few unresolved condensations.
From Rathborne et al. (2010), the high-mass clump MM1 has a 1.2 mm single-
dish integrated flux of 1.63 Jy. Comparing this integrated flux with the 1.3 mm
SMA integrated flux of ∼70 mJy, ∼4% of the single-dish flux is recovered by the
interferometer (assuming β = 1.8 to compare the somewhat different frequencies).
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Fig. 4.1 SMA 1.3 continnum emission (3.′′5) in gray-scale image and red contours of
IRDC G028.23-00.19 overlaid with 1.2 mm continuum emission from the IRAM 30
m telescope (11′′) in white contours. Contour levels for the 1.3 continnum emission
are -4, -3, 3, 4, 5, and 7 × σ, with σ equal to 0.75 mJ beam−1. Contour levels for the
1.2 mm continuum emission are 20 (∼3σ), 35, 50, 65, 85, and 105 mJy beam−1. The
position of the five cores detected with SMA above 5σ are shown. The synthesized
SMA beam is shown the bottom left of the image.
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4.6.2 NH3 Emission
For the NH3 emission the moment 0 and 1 were calculated as follow:
I =
∫ vf
vi
Tbdv Moment 0 , (4.5)
and
vcenter =
1
I
∫ vf
vi
v Tbdv Moment 1 , (4.6)
where I and vcenter correspond to the integrated intensity and velocity field, respec-
tively, in the velocity range defined by vi and vf .
Figure 4.2 and 4.3 show, as the color scale, the moment 0 map (integrated
intensity) of the five NH3 hyperfine lines overlaid with: the 1.2 mm dust continuum
emission from IRAM (Figure 4.2) and the 1.3 mm dust continuum emission from
SMA (Figure 4.3). The data above 2.5σ per channel were used for making the
moment maps.
Figure 4.4 shows in color scale the moment 1 (velocity field) of the brightest NH3
(1,1) hyperfine line, the inner left transition in velocity space (JKF1 = 111→ 112).
See Figure 4.5 for the nomenclature of the NH3 hyperfine transitions that will be
used in the following sections. In this particular IRDC, the usually bright main NH3
hyperfine component (JKF1 = 112 → 112) is not the most intense hyperfine line.
This unexpected feature of the NH3 (1,1) line emission will be discussed later in this
section. The velocity field of the NH3 emission confirms the subclouds discovered
earlier in Chapter 3. Both subclouds have smooth velocity fields and are separated
in velocity space by ∼1.4 km s−1. The redshifted subcloud has a filamentary shape
and extends from near the center of the IRDC to the northern region. The blueshifted
subcloud is mostly associated with the dense gas at the center of the IRDC (and the
clump MM1), although it also extends to the southern region of the cloud.
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Fig. 4.2 NH3 moment 0 map (integrated intensity) in color-scale overlaid with 1.2
mm emission from the IRAM 30 m telescope in black contours. The moment 0 map
includes the data above 2.5σ per channel for all five hypefine lines. All emission above
15% of the peak emission is shown. Contour levels for the 1.2 mm emission are 20
(∼3σ), 35, 50, 65, 85, and 105 mJy beam−1. Angular resolution of JVLA (2.′′1) and
IRAM (11′′) are shown in the bottom left and right, respectively. Red boxes labeled
as A, B, C, and D show the positions of the spectra displayed in Figure 4.6.
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Fig. 4.3 NH3 moment 0 map (integrated intensity) in color-scale overlaid with 1.3
mm continuum emission from SMA in black contours. The moment 0 map includes
the data above 2.5σ per channel for all five hypefine lines. All emission above 15% of
the peak emission is shown. Contour levels for the 1.3 continnum emission are 3, 4,
5, and 7 × σ, with σ equals to 0.75 mJ beam−1. Angular resolution of JVLA (2.′′1)
and SMA (3.′′5) are shown in the bottom left and right, respectively.
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Fig. 4.4 NH3 moment 1 map (velocity field) in color-scale overlaid with 1.3 mm
continuum emission from SMA in black contours. The moment 1 map includes the
data above 2.5σ per channel for the left inner hyperfine. All emission above 20% of
the peak emission is shown. Contour levels for the 1.3 continnum emission are 3, 4,
5, and 7 × σ, with σ equals to 0.75 mJ beam−1. Angular resolution of JVLA (2.′′1)
and IRAM (11′′) are shown in the bottom left and right, respectively.
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Fig. 4.5 Example spectrum of NH3. The name used for the hyperfine transitions
during this work are displayed.
In Figure 4.6, an image of the central region containing the SMA dust cores
is presented. Four panels show the moment 0 map of the 5 NH3 (1,1) hyperfines
(a), the NH3 (2,2) line (b), the 4 NH3 (1,1) satellites (c), and the NH3 (1,1) main
component (d), in color-scale overlaid with black contours that correspond to the 1.3
mm dust continuum emission from SMA. Ammonia emission peaks do not overlap
with the dust peaks, and remarkably, the ammonia emission seems to avoid the
dust cores. This is more evident towards the SMA1 and SMA4 cores. As can be
seen in Figure 4.6, the NH3 emission weakens toward the center of SMA1 and SMA4,
independently of the lines used to make the moment map. These observations suggest
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that, at least in the IRDC G028.23-00.19, the ammonia emission is not tracing the
densest gas, it rather seems to trace the gas between the dust cores.
In Figure 4.7, NH3 (1,1) spectra at different positions in the IRDC show the
“expected” relative intensity between the main component and the four satellites,
i.e., the main component brighter than the satellites. On the other hand, Figure 4.8
shows the NH3 spectra behaving differently toward the high-mass clump MM1, more
specifically toward the SMA dust cores 1 and 4. In several positions of MM1 (see
Figure 4.7), the relative intensity between the main NH3 component and the satellites
is approximately 1 and, at the positions of the SMA dust cores, the main component
is weaker than the satellites.
The relative optical depths between the main NH3 (1,1) component and the
satellites is determined by quantum mechanics according to their statistical weights.
However, the observed relative intensity can be modifed by optical depth effects: in
the optically thin limit, the relative intensity will equal the ratio of the statistical
weights, whereas in the optically thick limit the relative intensity will equal 1. Toward
some positions in the clump MM1, the relative intensity of ∼1 likely indicates high
optical depths. However, an additional explanation is required to explain why in
some places the main hyperfine component is weaker than the satellites. Two possible
scenarios are discussed below:
i) The critical density of NH3 (1,1) is a few times 10
4 cm−3. As shown in
Table 4.4, the gas in the cores have densities of ∼106 cm−3. At these high densities,
the gas in the cores should be thermalized and LTE should hold. As will be discussed
in Section 4.7.1, the temperature of the gas derived by using single-dish telescopes
and interferometers point to a common gas temperature of 12 K. However, a direct
estimation of the temperature at the position of the SMA dust cores with the JVLA
data cannot be made. It is possible that at a scale much smaller and denser than
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Fig. 4.6 NH3 moment 0 map (integrated intensity) in color-scale overlaid with 1.3
mm continuum emission from SMA in black contours toward the central region of
the IRDC. Panel (a) corresponds to all five NH3 (1,1) hyperfine lines. Panel (b)
corresponds to the NH3 (2,2) line. Panel (c) corresponds to the four NH3 (1,1)
satellites. Panel (d) corresponds to the NH3 (1,1) main component. The moment 0
map includes the data above 2.5σ per channel. All emission above 20% of the peak
emission is shown. Contour levels for the 1.3 continnum emission are 3, 4, 5, and 7
× σ, with σ equals to 0.75 mJ beam−1. Angular resolution of JVLA (2.′′1) and SMA
(3.′′5) are shown in the bottom left and right, respectively. White contours display
the 60% of the peak emission for each moment map. White boxes labeled as E, F,
G, and H show the positions of the spectra displayed in Figure 4.7.
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Fig. 4.7 NH3 (1,1) spectra (in black) at different positions in the IRDC showing the
“expected” relative intensity between the main component and the four satellites.
NH3 (2,2) spectra is showed in red for comparison. Positions A, B, C, and D are
indicated in Figure 4.2. The dotted line shows the VLSR of the IRDC (80 km s
−1).
those we can resolve with JVLA (<0.05 pc), accretion luminosity could raise the
gas temperature above 12 K. Thus, the gas at 12 K would act as a cold envelope,
absorbing the internal NH3 emission. The self-absorption would most affect the
line with the higher optical depth, i.e., the main NH3 (1,1) hyperfine component,
producing the observed JVLA NH3 spectra.
ii) This scenario is also based on the self-absorption of NH3. However, the
gas at small scales in the SMA dust cores is not required to be warmer. The NH3
emission detected with JVLA is likely thermalized and, consequently, emitting in
regions where the density is larger than the critical density. However, it is possible
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Fig. 4.8 NH3 (1,1) spectra (in black) toward the clump MM1 showing lines with high
optical depths and self-absorption. NH3 (2,2) spectra is showed in red for comparison.
Positions E, F, G, and H are indicated in Figure 4.6. The dotted line shows the VLSR
of the IRDC (80 km s−1).
to have gas that could be in a regime dominated by radiative transitions instead of by
collision, i.e., in regions with densities below the critical density where the gas could
be sub-thermally excited. This gas could be located in the external layers of the
IRDC and would have excitation temperatures lower than the kinectic temperature
(Tex < Tkin). On the other hand, tha gas located in the internal layers of the IRDC
(including the SMA dust cores) would be thermalized with Tex = Tkin = 12 K. The
outer gas with a colder excitation temperature would absorb the inner, “warmer”
gas with an excitation temperature of 12 K. Again, self-absorption would be more
prominent toward the main hyperfine line with the highest optical depth.
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Line widths are required to determine the virial mass and the virial parameter.
A multi-Gaussian function with fixed frequency separation between hyperfine tran-
sitions was fitted to an averaged spectra of 25 pixels (approximately the NH3 beam
size) centered on the SMA core positions. The line widths of the outer left hyperfine
(JKF1 = 111 → 110) associated with each SMA core are displayed in Table 4.3.
When line widths approach the thermal line width (∼0.2 km s−1 at 12 K), the mag-
netic hyperfine splitting can be resolved (e.g., Rydbeck et al. 1977), except for the
outer left hyperfine. The two magnetic hyperfine transitions that form part of the
outer left hyperfine are only separated by 0.14 km s−1 (11 kHz) and may be barely
resolved in cold, low-mass star-forming regions. All other hyperfines show 20% or
larger line widths than the one measured for the outer left hyperfine, indicating that
the magnetic hyperfine splitting is becoming relevant at the line widths observed in
this IRDC (although they are not resolved). The observed line widths (∆Vobs) of the
outer left hyperfine displayed in Table 4.3 have an average of 0.9 km s−1, which is
roughly twice the channel width of the observations (0.4 km s−1). The deconvolved
line width (∆Vdec) is determined following ∆V
2
dec = ∆V
2
obs − 0.42. Calculated values
are displayed in Table 4.3. The deconlvoved line width is 10% to 20% lower than the
observed line width and will be used for the determination of core’s properties.
The intrinsic line width (∆Vint) of a line can be broadened by the line optical
depth. As will be discussed in Section 4.7.1, the optical depth of the outer left
hyperfine is at least ∼2.4 at the SMA core positions. Fitting a Gaussian profile to
an optically thick or moderatelly thick line will result in a overestimation of the real
velocity dispersion of the gas. To correct for this effect, the following expresion can
be used (e.g., Beltra´n et al. 2005).
∆Vdec
∆Vint
=
1√
ln 2
√
− ln
[
−1
τ
ln
(
1 + e−τ
2
)]
. (4.7)
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Table 4.3. Measured and Derived NH3 Line Widths Associated to the SMA Cores
Core ∆Vobs ∆Vdec ∆Vint
Name (km s−1) (km s−1) (km s−1)
SMA1 1.02 ± 0.15 0.91 ± 0.16 <0.65
SMA2 0.68 ± 0.18 0.55 ± 0.22 <0.39
SMA3 0.75 ± 0.25 0.63 ± 0.29 <0.45
SMA4 0.94 ± 0.12 0.85 ± 0.13 <0.60
SMA5 0.95 ± 0.17 0.86 ± 0.19 <0.61
Note. — Line widths correspond to the outer
left hyperfine.
where ∆Vint profile is asssumed Gaussian. The correction for optical depth produces
intrinsic line widths ∼30% smaller (see Table 4.3). The ∆Vint values derived above
correspond to upper limits and will produce upper limits for the virial mass and the
virial parameter.
4.7 Discussion
4.7.1 NH3 Optical Depth and Rotational Temperature
The optical depth of the NH3 hyperfine lines can be derived taking the ratio
between the main and the satellite hyperfine components, following Equation (2.6).
For the case of NH3, Equation (2.6) can be expressed as
1− e−τ(1,1,m)
1− e−ατ(1,1,m) =
Tb(1,1,m)
Tb(1,1,s)
, (4.8)
where Tb(1,1,m) and Tb(1,1,s) are the brightness temperatures of the main and satellites
components, respectively. The factor α is the relative strength determined by the
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statistical weights. The value of α is 1/3.6 for the two inner satellites and 1/4.5 for
the two outer satellites (Ho & Townes 1983; Rydbeck et al. 1977).
The rotational temperature, TR, that characterizes the population distribution
between the (1,1) and (2,2) states can be determined by (Ho & Townes 1983)
TR = − 41.5
ln
[
0.282
(
τ(2,2,m)
τ(1,1,m)
)] K , (4.9)
where τ(2,2,m) can be determined from
1− e−τ(1,1,m)
1− e−τ(2,2,m) =
Tb(1,1,m)
Tb(2,2,m)
. (4.10)
The determination of the optical depth and rotational temperature become un-
reliable when the the intensity ratio between Tb(1,1,m) and Tb(1,1,s) approaches unity
and impossible when the main NH3 component is weaker than the satellites. As
discussed earlier, NH3 profiles with these odd characteristics are repeatedly seen in
IRDC G028.23-00.19, especially in the clump MM1. Thus, optical depths and ro-
tational temperatures were determined only in a few positions and the mean values
associated with the SMA cores will be reported. The values used to determine the
mean are those inside the contour defined by the 5σ level in the dust continuum
emission. The mean optical depth of the NH3 (1,1) main component is 11, demon-
strating that ammonia emission is optically thick. The mean optical depths of the
NH3 (1,1) satellites and NH3 (2,2) main component are moderately optically thick
with values of 2.4 and 1.2, respectively. All these optical depths values should be
treated as lower limits for the SMA cores since, at the center of the cores, exact
values cannot be determined due to the extremely high optical depths.
The mean rotational temperature is 13 K. This value corresponds to an upper
limit because at higher optical depths, the temperature is lower. This temperature
is within the uncertainties quoted by the other two methods used for temperature
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determination in Chapter 3. Both the Herschel dust temperature and the tempera-
ture derived by the rotational technique using CH3OH are 12 ± 2 K. This last value
will be adopted for the rest of the thesis.
4.7.2 Applying Test 1
For this test, it is key to evaluate if the embedded cores in the high-mass clump
MM1 already have the necessary mass to form a high-mass star. If they do it, then
the turbulent core accretion model would be favored, if not, the competitive accretion
model would be favored.
Observational studies suggest that star formation efficiencies range between 10%
and 30% (Alves et al. 2007; Lada & Lada 2003). Therefore, assuming that a high-
mass star has 8 M and using the 30% as upper limit for the star formation efficiency,
a core will form a high-mass star when its mass is 27 M or more. A core with a
mass lower than 27 M would need to accrete more gas to form a high-mass star.
In Table 4.4, all the measured properties of the SMA dust cores are listed.
No SMA cores have masses larger than 13 ± 6 M. Taking the uncertainties into
consideration, the largest mass would be at most 19 M. None of the SMA cores
currently have the mass reservoir necessary to form a high-mass star in the prestellar
phase, as the turbulent core accretion model requires. If IRDC G028.23-00.19 will
ultimately form high-mass stars, its embedded cores must gather a significant amount
of mass over time, which is inconsistent with the turbulent core accretion model.
These SMA dust continuum observations suggest that for the formation of high-
mass stars the cores have to begin in a low- to intermediate-mass phase and continue
to grow via accretion, an evolution also suggested by Zhang et al. (2009).
On the other hand, competitive accretion states that the mass in the cores
that will form high-mass stars is not set in the prestellar phase, instead the mass is
gathered during the star-formation process itself. The SMA dust continuum obser-
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Table 4.4. Measured Properties of the SMA Cores
Core Ra Mcore n(H2) ∆Vdec Mvir
b α
Name (pc) (M) (×106 cm−3) (km s−1) (M)
SMA1 0.031 13 1.5 0.91 3.8 ± 1.4 0.30 ± 0.18
SMA2 0.023 8.3 2.4 0.55 1.0 ± 0.8 0.12 ± 0.11
SMA3 0.025 7.7 1.6 0.63 1.5 ± 1.4 0.2 ± 0.2
SMA4 0.043 9.6 0.41 0.85 4.6 ± 1.5 0.48 ± 0.27
SMA5 0.026 7.1 1.4 0.86 2.9 ± 1.3 0.40 ± 0.26
Note. — Uncertainties for the radius (R), mass of the core (Mcore), and
volume density (n(H2)) are 10%, 49%, and 47%, respectively (see discussion in
Section 4.4). Uncertainty for ∆Vdec is given in Table 4.3. Mvir and α correspond
to the virial mass and virial parameter, respectively.
aThis radius (R) corresponds to half of the deconvolved size quoted in Ta-
ble 4.2. For SMA4, the radius is half of the synthesized beam.
bVirial mass estimated by assuming a density distribution ∝ r−1.8 (see Ta-
ble 4.1).
vations in IRDC G028.23-00.19 support this premise. However, the detected cores
have masses between 2 and 4 times the Jeans mass determined for the clump MM1
(3.1 M), which would be inconsistent with the competitive accretion model. For
these SMA observations, the detection limit in the mass (4.5 M, which corresponds
to 5σ) is higher than the Jeans mass (3.1 M). Thus, Jeans mass objects would be
undetected. It is possible that the SMA cores could be resolved into smaller con-
densations at higher angular resolution that could contain Jeans masses. Therefore,
their existence in IRDC G028.23-00.19 cannot be ruled out with the current obser-
vations. Alternatively, the detection of cores with masses larger than the Jeans mass
could just mean that they have already accreted material, increasing their masses to
values larger than the Jeans mass.
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Is the clump MM1 in IRDC G028.23-00.19 going to form high-mass stars in the
future? Do the SMA cores have a surrounding mass reservoir from which to accrete
and grow in order to form high-mass stars? As discussed in Section 4.2, observational
evidence strongly supports that IRDC G028.23-00.19 has the potential to form high-
mass stars. It is natural to expect that, at least, the current more massive cores will
eventually emerge as high-mass stars before the whole cloud is dispersed, but not
before accreting a substantial amount of mass from their surrounding.
Regarding whether the SMA cores have the available mass reservoir from which
accrete material and grow in order to form high-mass stars, at large scales, enough
mass can be provided from the clump and even from the whole IRDC. As determined
in Section 3.5.7, the clump MM1 has a virial parameter of 0.3 and it is almost
certainly collapsing.
4.7.3 Applying Test 2
As asserted by McKee & Tan (2003), one of the most important premises of the
turbulent core accretion model is that cores that will form high-mass stars are highly
supersonically turbulent, leading to virial equilibrium (α∼1).
Assuming that the NH3 emission traces the velocity dispersion in the interior of
the SMA cores, the non-thermal component (∆Vnt), the virial mass (Mvir), and the
virial parameter (α) of the cores can be estimated. By using ∆Vdec from the outer left
hyperfine in the relation ∆V 2dec = ∆V
2
th +∆V
2
nt, the non-thermal velocity component
can be calculated. The thermal line width (∆Vth) for NH3 is 0.18 km s
−1 at 12 K.
Thus, ∆Vnt ranges from 0.52 to 0.89 km s
−1. Because the non-thermal component
is independent of the observe line from which is determined (except for molecular
ourflow tracers), the determined ∆Vnt represent the turbulent motions from the total
gas in the cores (mostly H2). The thermal line width for gas mostly dominated by
H2 and He should be derived by using the mean molecular weight per free particle,
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µp = 2.37 (Kauffmann et al. 2008). Then, the thermal line width of the total gas
is 0.48 km s−1, indicating that the line widths are transonic and mildly supersonic
(∆Vnt/∆Vth∼1.1-1.8). Although these line widths are still slightly dominated by
turbulence, they are not highly supersonic as suggested by McKee & Tan (2003).
If optical depth is taken in consideration for the outer left NH3 hyperfine in IRDC
G028.23-00.19, the ∆Vint would produce even a lower non-thermal component that
would be just 0.7-1.3 times the thermal line width (subsonic-transonic).
Turbulent gas motions, and magnetic fields as well, can provide additional sup-
port against self-gravity. The importance of turbulence with respect to self-gravity
can be evaluated by estimating the virial parameter (Equation 4.4). The calculated
virial masses and virial parameters are listed in Table 4.4, assuming a density dis-
tribution ∝ r−1.8 and neglecting magnetic fields. All SMA cores consistently show
α < 1, and are hence subvirial. These values suggest that in the absence of magnetic
fields, the SMA cores are collapsing simultaneously with the whole 1500 M clump,
which has α = 0.3.
Similar line widths and virial parameters to those observed in IRDC G028.23-
00.19 have been also found in two other sources by Pillai et al. (2011). They observed
two cold clumps (G29.96e and G35.20w) located near H ii regions and found that they
hosted cores that were also mildly supersonic and strongly subvirial.
Highly supersonic line widths and virial parameters α ≥ 1 are fre-
quently observed in cores within active high-mass star-forming regions (e.g.,
Sa´nchez-Monge et al. 2014), in agreement with the predictions of the turbulent ac-
cretion model. However, the recently revealed conditions in the very early stages
(prestellar phase) seem to be different, as suggested in sources like IRDC G028.23-
00.19, from this work, and G29.96e and G35.20w, from Pillai et al. (2011). The
124
assumptions initially made in the turbulent core accretion models may not be appli-
cable and may need to be reconsidered to represent better the observations.
However, so far in the discussion, magnetic fields have been ignored. They can
add additional support against collapse. If magnetic fields are included in the virial
equation, the following expression holds
MB,vir = 3
R
G
(
5− 2n
3− n
)(
σ2 +
1
6
σ2A
)
, (4.11)
where σ is the velocity dispersion (∆V =
√
8 ln 2 σ), σA is the Alfven velocity, and n
depends on the density profile (see Table 4.1). The Alfven velocity can be determined
from
σA =
B√
4piρ
, (4.12)
where B is the magnitude of the magnetic field and ρ is the mass density.
To maintain virial equilibrium including magnetic fields (MB,vir/Mcore = 1),
field strengths of 1.4, 1.8, 1.3, 0.45, 0.97 mG are needed for the SMA cores (1,2,3,4,
and 5, respectively). If a uniform density is assumed, n = 0 instead of n = 1.8, the
magnetic field magnitudes are ∼25% lower. On average, magnetic fields of ∼1 mG
would be needed to maintain the SMA cores in virial equilibrium. Magnetic fields of
these strengths are marginally consistent with observations. Crutcher et al. (2010)
suggest that at densities of ∼106 cm−3 the most probable maximum strength for the
magnetic field is ∼1 mG. Girart et al. (2013) indeed measure the magnitude of the
magnetic field toward the high-mass star-forming core DR 21(OH) and determine
a value of 2.1 mG at a density of 107 cm−3. Although it seems possible to obtain
magnetic field magnitudes of ∼1 mG in high-mass star-forming cores, so far, all
estimation of field strengths are in cores with current evidence of star formation. No
measurements have been made in prestellar sources. Therefore, although the non-
magnetized version of the turbulent core accretion model is not consistent with the
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observed properties of the SMA cores, which are candidates to form high-mass stars,
the magnetized picture still needs to be tested.
4.8 Summary
The IRDC G028.23-00.19 has been observed at high angular resolution with
SMA and JVLA in order to test and provide observational constrains to theoretical
scenarios of high-mass star formation. The high mass clump MM1 (1500 M) located
at the center of the IRDC is a pristine prestellar source with the potential of forming
high-mass stars. Thus, it is ideal for characterizing the initial conditions of high-mass
star formation.
SMA observations reveal five dust cores (four of them in MM1) with masses no
larger than 13 M. The turbulent core accretion model predicts that high-mass cores
exist in the prestellar phase and they have the mass reservoir to form high-mass stars
already at early stages of evolution. The observations suggest that in order to form
high-mass stars, the embedded cores have to continue to accrete a large amount of
material, passing through a low- to intermediate-mass phase at the beginning. The
turbulent core accretion model is inconsistent with this observational result. On the
other hand, the observations support competitive accretion in the sense that the
embedded cores have to grow in mass during the star-formation process itself; the
mass is not set at early times. However, the competitive accretion model suggests
that at early times high-mass clumps fragment into cores with masses around the
Jeans mass (3 M). This prediction cannot be confirmed because the Jeans mass is
below the current detection limit. It may be possible to observe further fragmentation
in these SMA cores by using higher angular resolution observations (e.g, by using
ALMA).
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Combining the SMA and NH3 observation from JVLA, the virial mass and virial
parameters are calculated. NH3 line widths show that the gas is transonic and mildly
supersonic (∆Vnt/∆Vth∼1.1-1.8). Narrow line widths result in low virial masses and
virial parameters. All SMA cores show α < 1, hence they are in a subvirial state
and likely collapsing (if magnetic fields are ignored). The estimation of low virial
parameters is robust with respect to the observational uncertainties. The turbulent
core accretion model assumes highly supersonic line widths and virial parameters
∼1, inconsistent with the observations presented in this Chapter. If magnetic fields
are taken in consideration, they would need magnitudes of ∼1 mG to maintain virial
equilibrium in the SMA cores. Measurements of magnetic field strengths are needed
to confirm or refute the assumption of virial equilibrium in the magnetized turbulent
core accretion model.
Only a few sources with the characteristics found in IRDC G028.23-00.19 are
known, with G29.96e and G35.20w from Pillai et al. (2011) being the other examples.
A larger sample would be ideal to evaluate if the observed properties of the mentioned
sources are representative of the intial phases of high-mass star formation.
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Chapter 5
Summary and Conclusions
In this Chapter, the findings from Chapters 2, 3, and 4 are summarized and the
scientific questions posed in Chapter 1 are reviewed.
5.1 Dissertation Summary
5.1.1 Chemical Variations in IRDC Clumps
Chapter 2 presented a molecular line survey at 3 mm of ∼100 IRDC clumps.
The goals of these observations were to investigate the different molecular tracers,
search for molecular abundance variations through an evolutionary sequence based on
Spitzer IRAC and MIPS emission, and select a high-mass, prestellar clump candidate
for more detailed studies in the following chapters. Because HNC and N2H
+ lines
are detected in almost every IRDC clump at every evolutionary stage, their presence
does not depend on the star formation activity. The HC3N, HNCO, and SiO lines are
predominantly detected in later stages of evolution, which can be explained by the
conditions needed for their formation. Increases of N2H
+ and HCO+ abundances are
statistically significant and reflect chemical evolution from the quiescent, cold phase
to the protostellar, warmer phases. For HCO+ abundances, the observed trend is
consistent with theoretical predictions. On the other hand, chemical models fail
to explain the observed trend of increasing N2H
+ abundances. Based on the new
molecular line observations presented in this chapter and published works on the
same IRDC sample, the best high-mass, prestellar clump candidate, IRDC G028.23-
00.19 MM1, was selected.
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5.1.2 Establishing the Prestellar Nature of the IRDC G028.23-00.19
Chapter 3 presented interferometric observations of the clump MM1 located in
IRDC G028.23-00.19, the high-mass, prestellar clump candidate selected in Chap-
ter 2. Several molecular lines were observed with CARMA. The goal of these obser-
vations was to confirm the prestellar nature of the clump by using higher angular
resolution and sensitivity. The low temperature, high NH2D abundance, low HCO
+
and HNC abundances, non-detection of SiO, narrow line widths, and absence of
embedded IR sources in the massive clump (1500 M) IRDC G028.23-00.19 MM1
indicate that the clump is in the prestellar phase. On the other hand, it is not clear
if the rest of the IRDC remains quiescent. SiO emission that could be consistent
with a “subcloud-subcloud” interaction or an unresolved population of protostars
is detected. HN13C reveals that the IRDC is composed of two substructures (“sub-
clouds”) separated by in velocity space 1.4 km s−1. Remarkably, where the subclouds
overlap, SiO emission rises, which suggest that the subclouds may be interacting and
producing low velocity shocks that release small amounts of SiO to the gas phase.
5.1.3 Testing Models of High-Mass Star Formation
Chapter 4 presented SMA and JVLA high-angular resolution observations of
IRDC G028.23-00.19, including the pristine prestellar clump MM1 that has the po-
tential to form high-mass stars. The goal of these observations was to test and con-
strain theories of high-mass star formation. SMA observations reveal five dust cores
(four of them in MM1) with gas masses no larger than 13 M. These observations
suggest that in order to form high-mass stars, the embedded cores have to accrete
a large amount of additional material, passing through a low- to intermediate-mass
phase before having the necessary mass to form a high-mass star. The turbulent core
accretion model is inconsistent with this observational result. On the other hand,
129
the observations support competitive accretion in the sense that the embedded cores
have to grow in mass during the star-formation process itself; the mass is not set at
early times. NH3 line velocity dispersions are transonic and mildly supersonic, which
result in small virial parameters if magnetic fields are neglected. The turbulent core
accretion model assumes highly supersonic line widths and virial parameters ∼1,
inconsistent with the observations presented in this Chapter. The turbulent core
accretion model is inconsistent with the observations, unless magnetic fields in the
cores have strengths of the order of 1 mG, which could bring the cores to virial
equilibrium.
5.2 Scientific Questions
5.2.1 Do IRDC clumps show chemical variations at different evolutionary
stages?
Chemical variations, measured as molecular abundance variations, are observed
toward IRDC clumps. However, these variations are not observed in all the molec-
ular tracers that were studied. Increases of N2H
+ and HCO+ abundances are sta-
tistically significant and reflect chemical evolution from the quiescent, cold phase to
the protostellar, warmer phases. Molecules that require conditions found in active
star-forming regions for their formation and excitation (e.g., HC3N, HNCO, and SiO)
are predominantly detected (and likely more abundant) in later stages of evolution.
On the other hand, the abundance of HNC and C2H show no significant variations
in the different evolutionary stages.
Molecular abundances and the presence or absence of a given molecule can add
additional information about the evolutionary stage of a source. Although a given
source cannot be precisely assigned an evolutionary stage just based on a molecular
abundance or the detection of a molecular line, after combining with temperature
and IR observations, a more accurate evolutionary stage can be designated.
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5.2.2 Is the IRDC G028.23-00.19 in the prestellar phase?
It is highly likely that the high-mass clump MM1 is a pristine prestellar source.
Because the models of high-mass star formation differ the most in their predictions at
the early stages of evolution, the study of this clump is relevant to constrain theoret-
ical models. Sources like the clump IRDC G028.23-00.19 MM1 are rare. Generally,
upon closer inspection, high-mass, prestellar clump candidates show signs of star for-
mation once they are observed at high angular resolution and better sensitivity (e.g.,
Garay et al. 2004; Zhang et al. 2009; Sanhueza et al. 2010; Wang et al. 2011). The
clump MM1 in IRDC G028.23-00.19 is one of the few high-mass, prestellar clumps
that after several sets of observations remains as a genuine prestellar source, as also
seems to be the case of the clumps G29.96e and G35.20w from Pillai et al. (2011).
However, it is not clear if the whole IRDC is prestellar. Some regions in the IRDC
show SiO emission that is consistent with either a “subcloud-subcloud” interaction
or active star formation.
5.2.3 Can models of high-mass star formation be tested in prestellar
IRDC clumps?
High-mass star formation models differ the most at the early stages of evolution.
The earliest stages of evolution are found in IRDCs. Thus, cold, massive clumps in
IRDCs are the ideal sources to test theoretical models, but because they are cold,
their molecular line and dust continuum emission is rather weak and hard to detect.
However, in Chapter 4, it has been demonstrated that data with sufficient signal-to-
noise can be obtained with SMA and JVLA to derive parameters with the precision
necessary to test theoretical scenarios. Now that a new, more sensitive instrument
is available to the astronomical community (ALMA; Atacama Large Millimeter/sub-
millimeter Array), future observations of sources similar to IRDC G028.23-00.19 can
be observed in a short amount of time with a better image quality.
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5.2.4 Which star formation theory do the observations support or reject?
From the analysis in Chapter 4, the favored high-mass star formation model is
competitive accretion. Observations show that the embedded cores need to accrete
a substantial amount of gas in order to form high-mass stars, in agreement with
competitive accretion predictions and inconsistent with the turbulent core accretion
model. It was determined that the embedded cores have transonic and mildly su-
personic gas velocity dispersions, and are in a subvirial state, inconsistent with the
turbulent core accretion model. However, the existence of strong magnetic fields in
the cores could be able to maintain virial equilibrium. Future observations on IRDC
G028.23-00.19 MM1 should address the following question: what is the strength of
the magnetic field? Although the current observations on IRDC G028.23-00.19 MM1
rule out the unmagnetized version of turbulent core accretion, the magnetized version
can still find support from observations and cannot be ruled out.
5.3 Conclusions
This dissertation has demonstrated that after carefully selecting a source, mod-
els of high-mass star formation can be constrained. The largely unexpected line
widths, core masses, and virial parameters are likely due to the rarely observed prop-
erties of pristine high-mass, prestellar sources, in contrast to the better-characterized
protostellar objects. This study oriented to constrain models of high-mass star for-
mation has succeeded, adding new evidence against or in favor of a given model.
The next steps to reinforce the observational results of this dissertation consist of
gathering a larger sample of high-mass, prestellar clump candidates. A large sample
of high-mass, prestellar clump candidates is currently being assembled from the Mil-
limetre Astronomy Legacy Team 90 GHz (MALT90) survey in order to reproduce
the study carried out on IRDC G028.23-00.19 MM1.
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James M. Jackson, Jill Rathborne, Jonathan Foster, ... ,
Patricio Sanhueza, ...
Teaching & Mentoring Experience
Mentor, Francesca Schiavello, Boston University 2013
Undergraduate student looking for infall profiles in HCO+
using the MALT90 Survey.
Mentor, John Hartinger, Boston University 2013
Undergraduate student using Herschel dust temperatures to test
Spitzer IR evolutionary classification.
Teaching Fellow, Boston University 2012
Astronomy 105: led discussion sections focused on how
to discover extrasolar planets.
Mentor, Sadia Hoq, Boston University 2011
Undergraduate student calculating NH3 temperatures in IRDCs.
Mentor, Joshua L. Mascoop, Boston University 2010
Undergraduate student doing an IR classification of the
evolutionary stages of high-mass star formation.
Mentor, Thomas Bridges-Lyman, Boston University 2009
Summer intern studying the chemistry of high-mass star-forming
clumps.
Teaching Fellow, Universidad de Chile 2004
Physics Laboratory V for Physics Majors: laboratory sections
focused on radioactivity (X-rays and γ-rays).
Teaching Fellow, Universidad de Chile 2004
Physics Laboratory II for Chemistry and Biology Majors: laboratory
sections focused on electricity.
Teaching Fellow, Universidad de Chile 2003
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Physics Laboratory III for Physics Majors: laboratory
sections focused on electricity and magnetism.
Selected Talks
Star Formation Lunch Talk at CfA, Harvard University,
Cambridge, MA 2013
CARMA Summer School, Big Pine, CA 2011
Second ASTE Wordkshop: Sub-millimeter Astronomy in
Chile during the Pre-ALMA Era, Santiago, Chile 2007
Posters
Chemistry and the “Prestellar” Nature of the Infrared Dark
Cloud (IRDC) G028.23-00.19 2012
Patricio Sanhueza, James M. Jackson, & Jonathan Foster
New Trends in Radio Astronomy in the ALMA Era, The 30th
Anniversary of the Nobeyama Radio Observatory, Hakone, Japan
Chemistry in Infrared Dark Clouds Clumps: a Molecular Line
Survey at 3 mm 2011
Patricio Sanhueza, James M. Jackson, & Jonathan Foster
American Astronomical Society, Boston, MA
Multi-line Study of Infrared Dark Clouds 2010
Patricio Sanhueza, James M. Jackson, & Jonathan Foster
Great Barriers in High Mass Star Formation, Townsville, Australia
Conferences Attended
The Submillimeter Array: First Decade of Discovery 2014
Boston, MA, USA
New Trends in Radio Astronomy in the ALMA Era, The 30th
Anniversary of the Nobeyama Radio Observatory 2012
Hakone, Japan
American Astronomical Society 2011
Boston, MA, USA
Great Barriers in High Mass Star Formation 2010
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Townsville, Australia
Second ASTE Workshop: Sub-millimeter Astronomy in Chile
during the Pre-ALMA Era 2007
Santiago, Chile
4th Chilean Advanced School of Astrophysics
Interferometry in the Epoch of ALMA and VLTI 2006
Santiago, Chile
11th Latin American Regional IAU Meeting 2006
Pucon, Chile
Formal Training
CARMA Summer School, Big Pine, CA 2011
IRAM 30 m Summer School, Sierra Nevada, Spain 2007
School for Teaching Fellows, Santiago, Chile 2004
Media Coverage
ALMA NAOJ Press Release (Sakai et al. 2013, ApJL publication) 2013
References
Professor James M. Jackson
Department of Astronomy
Boston University
725 Commonwealth Avenue, Boston, MA 02215, USA
jackson@bu.edu
Professor Guido Garay
Departamento de Astronomia
Universidad de Chile
Camino El Observatorio 1515, Las Condes, Santiago, Chile
guido@das.uchile.cl
Dr. Qizhou Zhang
Smithsonian Center for Astrophysics
Harvard University
60 Garden Street, Cambridge, MA 02138, USA
qzhang@cfa.harvard.edu
147
Dr. Jonathan B. Foster
YCAA Prize Postdoctoral Fellow
Astronomy Department
Yale University
J.W. Gibbs Laboratory, 260 Whitney Avenue, New Haven, CT 06511
jonathan.b.foster@yale.edu
Publications
First-author Refereed Publications
3. Distinct Chemical Regions in the “Prestellar” Infrared Dark
Cloud G028.23–00.19
Patricio Sanhueza, James M. Jackson, Jonathan B. Foster, Izaskun
Jimenez-Serra, William Dirienzo, & Thushara Pillai, 2013, ApJ, 773, 123
2. Chemistry in Infrared Dark Cloud Clumps: A Molecular Line
Survey at 3 mm
Patricio Sanhueza, James M. Jackson, Jonathan B. Foster, Guido Garay,
Andrea Silva, & Susanna Finn, 2012, ApJ, 756, 60
1. Molecular Outflows Within the Filamentary Infrared Dark
Cloud G34.43+0.24
Patricio Sanhueza, Guido Garay, Leonardo Bronfman, Diego Mardones,
Jorge May, & Masao Saito, 2010, ApJ, 715, 18
Co-author Refereed Publications
6. Distributed Low-Mass Star Formation in the
IRDC G34.43+00.24
Jonathan B. Foster, Hector G. Arce, Marc Kassis, Patricio Sanhueza,
James M. Jackson, Susanna C. Finn, Stella Offner, Takeshi Sakai, Nami Sakai,
Satoshi Yamamoto, Andres E. Guzman, & Jill M. Rathborne, 2014, Accepted
in ApJ, arXiv:1407.6003
5. MALT90: The Millimetre Astronomy Legacy Team 90 GHz
Survey
J. M. Jackson, J. M. Rathborne, J. B. Foster, J. S. Whitaker, P. Sanhueza,
C. Claysmith, J. L. Mascoop, M. Wienen, S. L. Breen, F. Herpin, A.
Duarte-Cabral, T. Csengeri, S. N. Longmore,Y. Contreras, B. Indermuehle,
148
P. J. Barnes, A. J. Walsh, M. R. Cunningham, K. J. Brooks, T. R. Britton,
M. A. Voronkov, J. S. Urquhart, J. Alves, C. H. Jordan, T. Hill, S. Hoq,
S. C. Finn, I. Bains, S. Bontemps, L. Bronfman, J. L. Caswell, L. Deharveng,
S. P. Ellingsen, G. A. Fuller, G. Garay, J. A. Green, L. Hindson, P. A. Jones,
C. Lenfestey, N. Lo, V. Lowe, D. Mardones, K. M. Menten, V. Minier, L. K.
Morgan, F. Motte, E. Muller, N. Peretto, C. R. Purcell, P. Schilke, N.
Schneider-Bontemps, F. Schuller, A. Titmarsh, F. Wyrowski, & A. Zavagno,
2013, PASA, 30, 57
4. Chemical Evolution in High-Mass Star-Forming Regions:
Results from the MALT90 Survey
Sadia Hoq, James M. Jackson, Jonathan B. Foster, Patricio Sanhueza,
Andres Guzman, J. Scott Whitaker, Christopher Claysmith, Jill M. Rathborne,
Tatiana Vasyunina, & Anton Vasyunin, 2013, ApJ, 777, 157
3. ALMA Observations of the IRDC Clump G34.43+00.24 MM3:
Hot Core and Molecular Outflows
Takeshi Sakai, Nami Sakai, Jonathan B. Foster, Patricio Sanhueza,
James M. Jackson, Marc Kassis, Kenji Furuya, Yuri Aikawa, Tomoya Hirota,
& Satoshi Yamamoto, 2013, ApJL, 775, L31
2. Characterization of the MALT90 Survey and the Mopra
Telescope at 90 GHz
Jonathan B. Foster, Jill M. Rathborne, Patricio Sanhueza, Chris
Claysmith, J. Scott Whitaker, James M. Jackson, Joshua L. Mascoop, Marion
Wienen, Shari L. Breen, Fabrice Herpin, Ana Duarte-Cabral, Timea Csengeri,
Yanett Contreras, Balt Indermuehle, Peter J. Barnes, Andrew J. Walsh,
Maria R. Cunningham, Tui R. Britton, Maxim A. Voronkov, James S. Urquhart,
Joao Alves, Christopher H. Jordan, Tracey Hill, Sadia Hoq, Kate J. Brooks,
& Steven N. Longmore, 2013, PASA, 30, 38
1. The Millimeter Astronomy Legacy Team 90 GHz (MALT90)
Pilot Survey
Jonathan B. Foster, James M. Jackson, Peter J. Barnes, Elizabeth Barris,
Kate Brooks, Maria Cunningham, Susanna C. Finn, Gary A. Fuller, Steven N.
Longmore, Joshua L. Mascoop, Nicolas Peretto, Jill Rathborne, Patricio
Sanhueza, Frederic Schuller, & Friedrich Wyrowski, 2011, ApJS, 197, 25
Conference Proceedings
1. Chemistry and the Prestellar Nature of the IRDC
G028.23-00.19
149
Patricio Sanhueza, James M. Jackson, & Jonathan B. Foster, 2013,
Astronomical Society of the Pacific Conference Series, 476, 337, “New
Trends in Radio Astronomy in the ALMA Era: The 30th Anniversary of
Nobeyama Radio Observatory,” International Symp., ed. Ryohei Kawabe,
Nario Kuno, and Satoshi Yamamoto
Submitted Publications
3. Collimated Ionized Wind and Rotating Disk-like System
Associated with G345.4938+01.4677
Andres E. Guzman, Guido Garay, Luis F. Rodrguez, James Moran, Kate J.
Brooks, Leonardo Bronfman, Lars-Ake Nyman, Patricio Sanhueza, &
Diego Mardones, 2014, Submitted to ApJ
2. ALMA Observations of the IRDC Clump G34.43+00.24 MM3:
278 GHz Class I Methanol Masers
Takahiro Yanagida, Takeshi Sakai, Tomoya Hirota, Nami Sakai, Jonathan B.
Foster, Patricio Sanhueza, James M. Jackson, Kenji Furuya, & Satoshi
Yamamoto, 2014, Submitted to ApJL
1. Interferometric Observations of High-Mass Star-Forming
Clumps with Unusual N2H
+/HCO+ Line Ratios
Ian W. Stephens, James M. Jackson, Patricio Sanhueza, J. Scott Whitaker,
Sadia Hoq, Jill M. Rathborne, & Jonathan B. Foster, 2014, Submitted to ApJ
